The transmembrane region of CLIC1 is helical in membrane-mimetic solvents by Ngubane, Nomxolisi Chloe Mina-Liz
- 0 - 
 
 
 
 
 
 
 
 
 
 
 
 
 
THE TRANSMEMBRANE REGION OF 
CLIC1 IS HELICAL IN MEMBRANE-
MIMETIC SOLVENTS  
 
Nomxolisi Chloë Mina-Liz Ngubane 
 
 
 
 
 
 
 
 
 
 
 
A dissertation submitted to the Faculty of Science, University of the Witwatersrand, 
Johannesburg, in fulfilment of the requirements for the degree of Master of Science. 
Johannesburg, 2011
Declaration
I declare that this dissertation is my own, unaided work. It is being submitted for the degree
of Master of Science in the University of the Witwatersrand, Johannesburg. It has not been
submitted for any other degree or examination at any other University.
Nomxolisi Chlo€ Mina-Liz Ngubane
2012
ii 
 
Abstract 
CLIC1 is a member of the chloride intracellular channel proteins (CLICs), a group of 
amphitropic chloride channels. CLICs are able to transform from a cytoplasmic form to a 
membrane-bound form by a mechanism thought to involve a structural rearrangement, 
facilitated by movement to a low pH environment, that reveals the hydrophobic 
transmembrane region (TMR) in the N-domain. The TMR forms an alpha-helix-beta-strand 
structure in the soluble CLIC1 which is then thought to form the transmembrane helix in the 
membrane. The aim was to characterise the structure and stability of two peptides containing 
the TMR  in membrane-mimetic solvents using far-UV circular dichroism and fluorescence. 
The first peptide, β1-TMR, corresponding to the first 52 amino acids of CLIC1 was to be 
purified from a fusion protein with GST, obtained from overexpression in bacterial culture. 
The second peptide, a synthetic 30 residue peptide corresponding to the sequence range 
Cys24-Val46 and referred to as the TMR peptide was commercially obtained. 
Overexpression and purification of the GST fusion protein as well as liberation of the β1-
TMR from the fusion partner using thrombin was achieved but isolation of the β1-TMR 
peptide from GST proved unsuccessful. Sodium dodecyl sulphate (SDS) and 2,2,2-
trifluoroethanol (TFE) were used as membrane mimetics to observe the structure of the TMR 
peptide. The secondary structure of the peptide increased with increasing TFE and SDS 
concentrations until 40% TFE where it was ~52% helical and 16 mM SDS where it was 
~22% helical. pH had no effect on the secondary or tertiary structure of the peptide. Chemical 
and thermal denaturation of the TMR revealed that the helix formed in the membrane 
environment followed a non-cooperative unfolding pathway over a large temperature and 
denaturant range, indicating a very stable structure as would be required for a transmembrane 
helix. These results suggest that the TMR would form a stable transmembrane helix of 
CLIC1 in the hydrophobic environment of the membrane as a result structural elsewhere in 
the mature protein facilitate by a change in pH. 
 
 
 
 
 
 
 
iii 
 
Acknowledgements 
 
My sincere thanks goes out to my supervisors Prof. H.W. Dirr and Dr. S. Fanucchi for 
granting me this research opportunity and their continual support, guidance and patience 
throughout.  
I would also like to extend my thanks to my colleagues in the Protein Structure Function 
Research Unit whose friendships and support contributed in different ways in and out of the 
lab. 
In addition, I thank the National Research Foundation of South Africa and the University of 
the Witwatersrand for the financial support. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
iv 
 
Table of contents 
 
Abstract            ii 
Acknowledgements           iii 
List of Figures           vi 
List of Tables           vii 
Abbreviations           viii 
1. Introduction           1 
1.1. Transmembrane domains         1 
1.2. Chloride channels          2 
1.3. Amphitropic proteins         3 
1.4. Chloride intracellular channel (CLIC) proteins      5 
1.5. Transmembrane region of CLIC1       10 
2. Objective            15 
3. Experimental procedures          16 
3.1. Materials           16 
3.2. Production of β1-TMR         16 
3.2.1. Plasmid purification and verification      17 
3.2.2. GST-fusion protein overexpression and purification    17 
3.2.3. Off-column thrombin digestion of fusion protein     18 
3.2.4. Size-exclusion chromatography       19 
3.3. Acquisition of synthetic TMR peptide       20 
3.4. Solubilisation of TMR peptide        20 
3.4.1. Peptide concentration determination      21 
3.5. Characterisation of TMR peptide in membrane-mimetic systems    22 
3.5.1. Circular dichroism         22 
3.5.2. Fluorescence          23 
3.5.2.1. Steady-state fluorescence       23 
3.5.2.2. Acrylamide quenching       23 
3.5.3. Behaviour of TMR in SDS micelles       24 
3.5.4. Effect of environment of TMR peptide: pH and TFE studies   25 
3.5.5. Stability studies         25 
4. Results            27 
v 
 
4.1. Purification of β1-TMR peptide        27 
4.1.1. DNA sequencing         27 
4.1.2. Protein expression and purification       28 
4.2. Solubilisation of TMR peptide        31 
4.3. Characterisation of the structure and stability of the TMR peptide    37 
4.3.1. pH dependence         44 
4.3.2. Stability          47 
5. Discussion           49 
5.1. Folding model of CLIC1         49 
5.2. Structure of the TMR peptide        50 
5.3. Effect of pH on secondary structure        52 
5.4. Stability of the TMR peptide secondary structure      53 
6. Conclusion           55 
7. References           56 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
vi 
 
List of Figures 
 
 
Figure 1: The transmembrane regions of amphitropic proteins     4 
Figure 2: Structural alignment of CLIC1 with GST-O1-1     6 
Figure 3: Crystal structure of soluble CLIC1       8 
Figure 4: Hydrophobicity plot for CLIC1        11 
Figure 5: TMpred output for CLIC1        12 
Figure 6: Structure-based sequence alignment for the TM regions of CLIC proteins 12 
Figure 7: Sequencing results of pGEX-CLIC1 plasmid      27 
Figure 8: Expression and purification of GST-(β1-TMR) fusion protein   29 
Figure 9: Thrombin digestion of the GST-(β1-TMR) fusion protein    30 
Figure 10: Far-UV CD spectra of the TMR in aqueous buffer     32 
Figure 11: The TMR peptide in ethanol        34 
Figure 12: Far-UV CD spectra of the TMR peptide in methanol    35 
Figure 13: Far-UV CD spectra of the TMR peptide in 50% TFE    36 
Figure 14: Far-UV CD of the TMR peptide as a function of TFE concentration  38 
Figure 15: Dichroweb analysis of the TMR peptide in 40% TFE    39 
Figure 16: Effect of concentration on secondary structure of the TMR peptide in 40%  
TFE             40 
Figure 17: Far-UV CD of the TMR peptide in SDS      42 
Figure 18: Dichroweb analysis of the TMR peptide in 16mM SDS    43 
Figure 19: Effect of pH on the secondary structure of the TMR peptide in 40% TFE 45  
Figure 20: Acrylamide quenching of the TMR peptide in 50% TFE    46 
Figure 21: Unfolding of the TMR peptide in 40% TFE      48 
 
 
 
 
 
 
 
 
 
 
 
 
 
vii 
 
List of Tables 
 
Table 1: Secondary structure composition of the TMR peptide in 40% TFE   39 
Table 1: Secondary structure composition of the TMR peptide in 16mM SDS  43 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
viii 
 
Abbreviations 
 α    alpha 
 β   beta 
2YT  two times yeast extract and tryptone media 
A280  Absorbance at 280 nm 
Å   Ångström 
Ac  acetylation 
Am  amidation 
β1-TMR peptide encompassing first 52 amino acids of CLIC1 
CD  circular dichroism 
CFTR  cystic fibrosis transmembrane regulator 
CLC  chloride channels 
CLIC  chloride intracellular ion channels 
 CMC  critical micellar concentration 
 Da  dalton 
dH2O  distilled water 
DNA  deoxyribonucleic acid 
DTT  dithiothreitol 
ε    molar extinction coefficient; dielectric constant 
ExPasy Expert Protein Analysis System 
E222  ellipticity at 222 nm 
EDTA  ethylediaminetetra-acetic acid 
ER  endoplasmic reticulum 
F0  fluorescence intensity in the absence of quencher 
F  fluorescence intensity in the presence of quencher  
F355  fluorescence emission intensity at 355 nm 
Far-UV CD far-ultraviolet circular dichroism 
∆G  the change in Gibbs free energy 
GABA  gamma-aminobutyric acid 
GSH  glutathione 
GRAVY grand average of hydropathicity 
GST  glutathione S-transferase 
H+  proton 
ix 
 
HCl  hydrochloric acid 
IPTG  isopropyl-1-thio-β-D-galactopyranoside 
KSV  Stern-Volmer quenching constant 
LB  Luria-Bertani 
λmax  fluorescence emission wavelength maximum 
M  molar 
MAP  mitogen-activated protein 
µM  micromolar 
mM  millimolar 
mdeg  millidegree 
MRE  mean residue ellipticity 
NATA  N-acetyl-tryptophanamide 
nm  nanometers 
NMR  nuclear magnetic resonance 
NRMSD normalised root mean square distance 
OD  optical density 
O-state  organic solvent-induced state 
PAGE  polyacrylamide gel electrophoresis 
PDB  Protein Data Bank 
PFT  pore-forming toxin 
rpm  revolutions per minute 
RyR  ryanodine receptor 
SDS  sodium dodecyl phosphate 
SEC  size exclusion chromatography 
SjGST  Schistosoma japonicum glutathione S-transferase 
SOC  Super optimal broth with Catabolic repressor   
STE  sodium/tris/EDTA 
TFE  2,2,2-trifluoroethanol 
TM  transmembrane 
TMR  peptide encompassing G22-R51 of CLIC1 
Tris  Trizma base 
UV  ultraviolet 
YT  yeast tryptone 
x 
 
Standard one- and three-letter amino acid codes have been used throughout.
1 
 
1. INTRODUCTION 
 
1.1. Transmembrane domains 
Biological membranes are made up of a variety of biological molecules, primarily lipids and 
proteins. The lipid component of membranes is composed of a range of amphipathic lipids 
made up of hydrophobic hydrocarbon tails and polar heads. The hydrophobic tails associate 
via hydrophobic interaction to form a lipid bilayer that has a hydrophobic core (Quinn, 1976; 
Tanford, 1980). The polar heads of the lipids are exposed to the aqueous surroundings and 
form the membrane surface with a net negative charge that attracts protons (H+), and lowers 
the pH in this region to ~5.5 (Luckey, 2008; van de Goot et al., 1991). The lipid bilayer 
allows for the diffusion of hydrophobic molecules but prevents the passage of polar solutes 
and charged molecules. The movement of such molecules is thus controlled by globular 
proteins that are embedded in the membrane, referred to as transmembrane or integral 
membrane proteins (Singer and Nicholson, 1972). These membrane proteins transport 
inorganic ions of appropriate size and charge through facilitated diffusion across an 
electrochemical or concentration gradient (Alberts et al., 2002). They have membrane-
spanning domains that anchor them within the membrane referred to as transmembrane (TM) 
domains. The TM domains of membrane proteins fold independently from the rest of the 
protein and are thermodynamically stable (Popot and Engelman, 1990). TM domains are 
usually single or multiple alpha-helical structures but can also be beta-barrel type structures 
as observed in bacterial proteins (Lee, 2005). These highly hydrogen bonded secondary 
structures lower the energy cost of transferring polar peptide bonds to a non-polar 
environment (Lee, 2005; Roseman, 1988). Helical TM domains are usually about 20 amino 
acids long, sufficient in length to span the membrane (White and Whimley, 1999). The 
central part of the transmembrane segment housed within the hydrophobic interior of the 
membrane is predominantly made up of apolar residues (Ala, Ile, Leu,Val, Phe) and as a 
result has a large hydrophobic surface (Arkin et al., 1998; Landolt-Marticorena et al., 1993). 
TM domains often contain charged residues (Arg, Asp, Glu, Lys) that are located at the 
membrane interface, which form strong stabilising interactions with the negatively charged 
lipid head groups and help to anchor the membrane protein in place (Hunte, 2005; von Heijne, 
2006). Negatively charged residues that exist inside the bilayer are neutralised by the low pH 
at the membrane surface to allow them to enter the hydrophobic core (Flewelling and Hubbel, 
1986; Krishtalik and Cramer, 1995). Aromatic residues comprised of both polar and apolar 
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moieties (Trp, Tyr, His) are often located at the boundary between the lipid headgroups and 
the hydrophobic core. The non-polar regions of these residues are often embedded in the 
hydrocarbon plane whilst the polar amide or hydroxyl groups protrude into the aqueous 
region, interacting with the lipid headgroups at the membrane interface (Ulmschneider et al., 
2005; von Heijne, 2006; Yau et al., 1998). Trytophan is uniquely suited to interacting at the 
polar interface because of its significant dipole moment and its ability to act as a hydrogen 
bond donor, anchoring the helices within the membrane and modulating their interaction with 
the lipid bilayer (Jacobs and White, 1989; Landolt-Maricorena et al., 1993; Tilley and Saibil, 
2006; Ulmschneider and Sansom, 2001). This preference for aromatic residues at the 
membrane boundary is more pronounced in single-spanning membrane protein helices 
(Landolt-Marticorena, 1993). The presence of both charged and aromatic residues at the 
interface combines electrostatic and hydrophobic interactions to stabilise membrane proteins 
(Ulmschneider et al., 2005).  
 
1.2. Chloride channels 
Ion channels are integral membrane proteins that form pores in membranes, allowing for the 
passage of ions into and out of the cell and may open in response to certain stimuli or cellular 
conditions (Jentsch et al., 1994, Jentsch et al., 2002). Chloride ions are the most 
physiologically abundant and predominantly conducted ion species (Jentsch et al., 2002).  
Chloride channels are a diverse group of channel proteins that regulate fundamental cellular 
processes (Jentsch et al., 1994). They conduct chloride ions and occasionally other anions 
and contain between 1 and 12 transmembrane segments (Reviewed by Suzuki et al., 2006). 
Chloride channels can be classified into four types: ligand-gated chloride channels such as 
the gamma-aminobutyric acid receptors (GABAs) and the glycine receptors which are 
activated by the binding of a ligand to the extracellular domain of the channel, the cystic 
fibrosis transmembrane conductance regulators (CFTRs), the voltage-dependent chloride ion 
channels (CLCs) and the chloride intracellular channels (CLICs) (Reviewed by Cromer et al., 
2002; Jentsch et al., 2002). A distinguishing feature of the recently discovered CLIC proteins 
is their ability to exist in a soluble globular form as well as a membrane-bound form. They 
are thus termed amphitropic proteins. 
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1.3. Amphitropic proteins 
Most integral membrane proteins are synthesised at the ribosome with an N-terminal signal 
peptide that directs their insertion into the membrane as they are translated (Borel and Simon, 
1996; Do et al., 1996). However, a small number of proteins are able to exist in a stable 
water-soluble form in the cytoplasm as well as an integral membrane-bound form. These are 
amphitropic proteins and they lack the aforementioned signal peptide and instead are 
translated into a soluble cytoplasmic form that later inserts into the membrane as a result of a 
trigger such as a change in pH or membrane lipid composition, oxidation, phosphorylation or 
ligand-binding (Reviewed by Cromer et al., 2002 and Parker and Feil, 2005). This transition 
requires a dramatic reorganisation of the protein’s structure but the details of the mechanism 
of membrane insertion remain unclear. The CLICs share their unusual structural duality and 
membrane autoinsertion with these proteins and are thought to insert into the membrane in a 
similar manner thus distinguishing them from other chloride channels. Members of this 
unusual group of proteins include bacterial toxins and mammalian proteins from the annexin 
and Bcl-2 families (as reviewed by Singh, 2010) 
 
The pore-forming toxins (PFTs) are a group of toxic bacterial proteins that form large pores 
in the cell membranes of their target organisms, resulting in cell death. PFTs contain domains 
that enable their transition from the soluble to the membrane-bound state. These include a 
translocation and a channel forming domain (Reviewed by Parker and Feil, 2005). There are 
two groups of PFTs which are classified according to the distinct structures that make up 
their transmembrane domains. 
 
The alpha-PFTs include colicin A, diphtheria toxin and Cry1. Colicin A unfolds a helical 
cluster in the C-domain to reveal a long, hydrophobic helical loop which drives membrane 
insertion and forms the transmembrane domain (Figure 1A) (Parker et al., 1992). This 
process is dependent on the low pH at the membrane surface (Muga et al., 1992) which 
allows colicin A to form a molten globule intermediate (Van der Goot et al., 1991), 
effectively reducing the energy barrier required for unmasking the hydrophobic hairpin and 
facilitating membrane insertion by making the exchange of protein-protein interactions for 
protein-lipid interactions more energetically favourable (Lesieur et al., 1997). The low pH 
also neutralises the acidic side chains of amino acids in the hairpin, rendering the face more 
hydrophobic and lowering the energy cost of inserting the helical hairpin into the membrane 
(Krishralik and Cramer, 1995). The pore-forming mechanism of some alpha-PFTs such as 
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diphtheria toxin further includes dimerisation to form the complete pore (Figure 1B) (Bennet 
et al., 1994; Choe et al., 1991) 
 
The group of beta- PFTs includes δ-endotoxin, aerolysin, anthrax and perfringolysin, proteins 
whose transmembrane regions are made up of beta-strands. Alpha-haemolysin is a beta-PFT 
made up of 7 alpha-haemolysin units which contain a large number of beta-strands that 
assemble into a beta-barrel to form the transmembrane domain (Figure 1C) (Reviewed by 
Cromer et al., 2002 and Guouax, 1998).  
 
A: Colicin A B: Deptheria toxin C: Alpha- haemolysin
D: Annexin E: Bcl-xL F: Bax
 
 
Figure 1: The transmembrane regions of amphitropic proteins 
Ribbon representations of some amphitropic proteins. Helices highlighted in blue are the 
transmembrane helices. (A) Colicin A has a hydrophobic hairpin that inserts into the 
membrane; pdb file 1COL (Parker et al., 1992). (B) A similar helix is observed in diphtheria 
toxin; pdb file 1DDT (Bennet et al., 1994). (C). Alpha-hemolysin is a heptamer of subunits 
whose tails assemble into a beta-barrel that form the transmembrane region; pdb file 7HAL 
(Song et al., 1996). (D) Annexin forms a hexamer before binding to the membrane; pdb file 
1DM5 (Cartailler et al., 2000). (E) Bcl-xL; pdb file 1MAZ (Muchmore et al., 1996) and (F) 
Bax; pdb file 1F16 (Suzuki et al., 2000), have a helical loop that forms their TM. This figure 
was generated using PyMol™ v. 0.99 (DeLano Scientific, 2006). 
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Some mammalian proteins also display the amphitropic properties seen in the bacterial toxins. 
Annexins are a family of calcium-binding proteins that are involved in ion channel activity 
(Cartailler et al., 2000). The naming member of this group, Annexin, does not enter the 
membrane but interacts with the negatively charged heads of the phospholipids in the bilayer 
after a hexamerisation step that is mediated by the binding of calcium to the C-terminal core 
region of the protein (Figure 1D) (Luecke et al., 1995). Bcl-xL is a member of the Bcl-2 
family of apoptotic proteins regulating programmed cell death or apoptosis. Bcl-xL inserts 
into the membrane by a pH dependent process (Schendel et al., 1997) without forming a 
molten globule intermediate (Thuduppathy and Hill, 2006). Bcl-xL is understood to convert 
into a membrane bound form by a 3-state process that involves it being anchored to the 
membrane by its C-domain before the insertion of a hydrophobic helical loop into the 
membrane (Figure 1E) (Thuduppathy et al., 2006). Bax, another member of the Bcl-2 family, 
is thought to form an intermediate state that is bound to the membrane surface before 
oligomerising to form the functional pore (Figure 1F) (Garcia-Sáez et al., 2004). 
 
1.4. Chloride intracellular ion channel (CLIC) proteins 
The CLIC proteins are a class of intracellular chloride channels that do not resemble other 
well-characterised chloride channel proteins. They do not share any structural or sequence 
homology with the other chloride channels (Reviewed in Cromer et al., 2002 and Singh, 
2010) and thus do not contain the characterised domains and sequences for ion selectivity and 
conductance (Dutzler et al., 2001). The presence of only one putative transmembrane domain 
has also cast doubt on their ability to function as ion channels (Jentsch et al., 2002). 
Furthermore, while other chloride channels localise to the plasma membrane, the CLIC 
proteins localise to the membranes of various intracellular organelles including the nucleus 
(Valenzuela et al., 1997), mitochondria (Fernandez-Sales et al., 1999), golgi vesicles 
(Edwards, 1999) and endoplasmic reticulum (ER) (Duncan et al., 1997), in addition to the 
plasma membrane. The CLIC proteins have been shown to facilitate ion transport without 
additional subunits or accessory proteins (Chuang et al., 1999; Littler et al., 2005). Despite 
the evidence that the CLIC proteins can form functional chloride channels (Reviewed by 
Ashley 2003; Berryman et al., 2004; Harrop et al., 2001; Littler et al., 2005; Tonini et al., 
2000), the lack of characteristic sequences and structures for ion conductance and selectivity 
has led to CLIC proteins being considered non-selective multi-ion pores rather than chloride-
specific channels (Singh and Ashley, 2006).   
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Incidentally, the CLIC proteins share structural and low sequence homology (~15%) with 
members of the Omega glutathione transferase (Omega- GSTs) superfamily (reviewed by 
Cromer et al., 2002; Harrop et al., 2001; reviewed by Littler et al., 2010). These are a group 
of soluble homodimeric proteins with a thioredoxin fold in the N-domain and an all-helical 
C-domain (Figure 2). The thioredoxin fold is also present in a number of other proteins 
(SCOP: Murzin et al., 1995), although they have very little sequence similarity and have 
unrelated roles (Martin, 1995). 
 
 
Figure 2: Structural alignment of CLIC1 with GST O1-1. 
CLIC1 (dark blue) alignment with GST O1-1 (light blue), with RMSD = 1.65 Å. The 
alignment was performed using the MultiProt server (http://bioinfo3d.cs.tau.ac.il/MultiProt/) 
(Shatsky et al., 2004) and PDB codes 1K0N (Harrop et al., 2001) and 1EEM (Board et al., 
2000). Image generated using PyMOL™ v. 0.99 (DeLano Scientific, 2006). 
 
The CLIC proteins are widely distributed in tissues and organisms (Berry et al., 2003) and 
have 7 human homologues (Reviewed by Ashley, 2003, Cromer et al., 2002 and Littler et al., 
2010) and orthologues in invertebrate species such as Caenorhabditis elegans (Berry et al.,, 
2003), Drosophila melanogaster (Shorning et al., 2003) and some plants including 
Arabidopsis thaliana (Elter et al., 2007). The human CLIC proteins share a 238 amino acid 
CLIC module in the C-domain with variation in the length of the remaining sequence 
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between the different proteins (Berry et al., 2003; Nishizawa et al., 2000) and show up to 
67% sequence identity (Berryman et al., 2004).  
 
Invertebrate CLIC proteins have a lower sequence identity to the human CLIC proteins 
(Berry et al., 2003) and lack some of the conserved N-domain residues; they also lack the 
glutathione (GSH) binding site (Cys24 in CLIC1) observed in the human CLIC proteins 
(Harrop et al., 2001) and instead have a divalent metal ion binding site (Berry and Hobert, 
2006; Littler et al., 2003). In addition, the invertebrate CLICs contain an extension in the C-
domain (Littler et al., 2003). The CLIC proteins are said to have evolved separately from 
each other, but this divergence in sequence does not affect their overall structure which is 
important for their function (Berry and Hobert, 2006) and the conservation of this structure 
implies an important physiological role. The CLICs have been implicated to play a role in a 
variety of important cellular processes including apoptosis (Fenandez-Sales et al., 2002), cell 
division, cell cycle regulation (Tonini et al., 2000; Valenzuela et al., 2000) as well as signal 
transduction and intracellular transport (Berryman and Bretscher, 2000), by controlling 
cellular chloride concentrations (Reviewed by Debska, 2001). Despite this, their exact 
function remains unknown. 
 
CLIC1 is a protein of 241 amino acids (26.9 kDa) shown to localise to and associate with 
both the nuclear and plasma membranes and function as an ion channel with selectivity for 
anions (Harrop et al., 2001; Singh and Ashley, 2007; Valenzuela et al., 1997). The crystal 
structure of soluble CLIC1 (Harrop et al., 2001) shows a monomeric protein with a 
thioredoxin-like fold in the N-domain. The N-domain includes a catalytic cysteine-24 residue 
that allows it to covalently bind the GST substrate glutathione (GSH) by means of a mixed 
disulfide bond. CLIC1 has an all-helical C-domain (Figure 3), resulting in an overall structure 
very much like that of Omega-GST (Harrop et al., 2001). CLIC1 is mostly alpha-helical with 
only ~ 8% of beta-strand content in its reduced monomeric state. It was proposed that 
because of the small size of CLIC1, it is likely that it can oligomerise to form fully functional 
channels (Singh and Ashley, 2006; Warton et al., 2002). Under oxidising conditions, CLIC1 
undergoes a structural transition that is mediated by the formation of an intramolecular 
disulphide bond between cysteines 24 and 59 (Littler et al., 2004). This results in a major 
structural rearrangement leading to an all-helical N-domain and the exposure of a large 
hydrophobic surface that is stabilised in vitro by a reversible transition into a dimer (Littler et 
al., 2004). In vivo, this hydrophobic surface is thought to represent the membrane-docking 
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surface of CLIC1. The oxidised dimeric form maintains the ability to form chloride channels 
in artificial bilayers and micelles and both cysteines (Cys24 and Cys59) are required for 
channel activity (Littler et al., 2004).  
 
All-helical C-domain Thioredoxin N-domain
 
Figure 3: Crystal structure of soluble CLIC1 
A ribbon representation of the crystal structure of soluble CLIC1. The thioredoxin N-domain 
(blue) contains the active site with the catalytic Cys24 (yellow) bound to glutathione (pink) as 
well as the transmembrane region (gold) with Trp35 (cyan). The C-domain (green) is all-
helical and the two domains are joined by a proline-rich loop (red). This figure was generated 
using PyMol v0.99 (DeLano Scientific, 2006) and the CLIC1 pdb file 1K0N (Harrop et al., 
2001). 
 
CLIC2 is a 243 residue protein that shares over 58% sequence identity with CLIC1, differing 
mainly by a loop region between helices 5 and 6 (Board et al., 2004). CLIC2 was found to 
have little catalytic activity with typical glutathione transferase substrates and to be a strong 
inhibitor of cardiac ryanodine receptor (RyR) channels and is therefore thought to play a role 
in the maintenance of intracellular calcium homeostasis (Board et al., 2004; Dulhunty, 2001). 
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CLIC3 is a 207 residue protein that localises to the nucleus and has been shown to associate 
with MAP kinase (Qian et al., 1999). It shares the lowest sequence identity with CLIC1 
(49 %) and has a relatively narrow hydrophobic domain that might rule out a direct role in 
channel formation. It has been proposed that CLIC3 modulates chloride conductance at the 
nuclear membrane and activates the MAP kinase signal transduction pathway implying a role 
in cell growth (Qian et al., 1999). 
 
CLIC4 has been shown to associate with lipid bilayers and induce the efflux of chloride ions 
from artificial liposomes in a concentration-dependent manner at low pH (Littler et al., 2005). 
CLIC4 shares 67% sequence identity with CLIC1 and this is evident in its crystal structure 
(Littler et al., 2005) showing a GST-like structure which is highly homologous to that of 
CLIC1. Unlike CLIC1, CLIC4 does not form dimers under oxidising conditions (Littler et al., 
2004). This is because CLIC4 does not contain the cysteine residue at position 59 observed in 
CLIC1, which would mediate the formation of an intramolecular disulphide bond that would 
stabilise a dimeric form. The crystal structure of a trimeric CLIC4 has been described by Li 
and co-workers (2006), which may represent a unique mechanism of assembly for the 
oligomerisation of CLIC4 without the formation of an intramolecular disulfide bond.  
 
CLIC5B is the human homologue of the bovine CLIC protein, p64 and a splice variant of 
CLIC5A (Shanks et al., 2002). It is a 410 amino acid protein, of which 238 residues in the C-
domain are identical to that of CLIC5A. CLIC5A has been shown to be a component of a 
cytoskeletal complex (Berryman and Bretscher, 2000) and to function as a chloride channel 
(Berryman et al., 2004). CLIC5B has not yet been shown to function as a chloride channel. 
 
CLIC6 is a 627 residue human homologue of the rabbit CLIC parchorin (Freidli et al., 2003) 
that has been shown to move from the cytoplasm to the plasma membrane when chloride 
levels are low (Nishizawa et al., 2000) but has not been demonstrated to function as a 
chloride channel as yet.  
 
1.5. Transmembrane region of CLIC1 
Initially, the CLIC proteins’ similarities to alpha-PFTs lead researchers to propose that the 
CLIC proteins might use a similar mechanism for membrane insertion (Tulk at al., 2002). 
Alpha- PFTs unfold to expose a long hydrophobic helical loop that translocates the proteins 
into the membrane and forms the transmembrane helix as a result of a change in pH (Parker 
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et al., 1989; reviewed in Cromer, 2002). The CLIC proteins contain a similar helix, h6 in 
their C-domain. Indeed, hydrophobicity plots (Kyte and Doolittle, 1982) show that this region 
has significant hydrophobicity with the potential to insert into the membrane, but the plots 
also show that another region, near the N-domain (h1&s2) also exhibits sizable 
hydrophobicity (Figure 4). Subsequent studies using FLAG epitopes (Tonini et al., 2000), 
terminal-directed antibodies (Proustki et al., 2002) and proteinase K digestion (Duncan et al., 
1997) of the membrane inserted form showed that in the membrane-inserted CLIC1, the C-
domain locates to the cytoplasm while the N-terminal is inserted into the membrane with 
Cys-24 localising to the exterior of the membrane. Analysis of the CLIC1 amino acid 
sequence using TMpred (Hofmann and Stoffel, 1993), an algorithm that predicts 
transmembrane helices, indicates that residues 21 to 46 in the N-domain of CLIC1 are most 
likely to form the transmembrane region (TMR), with the rest of the N-terminal locating to 
the outside of the membrane (Figure 5). It was thus proposed that the TMR was a 23 residue 
fragment located in the N-domain between the residues Cys24-Val46 in CLIC1 (Berry and 
Hobert, 2003), a region that is highly conserved in the CLIC proteins (Figure 6). This 
sequence is arranged with charged residues flanking a 10 residue non-polar sequence, a 
typical arrangement for a transmembrane region (Sakai and Tsukihara, 1998). In the soluble 
form, this region forms an alpha-helix (h1) and beta-strand (s2) structure (already shown in 
Figure 3) and according to AGADIR, a tool used to predict the helical behaviour of peptides 
(Muňoz and Serrano, 1997; Lacroix et al. 1998), this region has a high propensity to form a 
helix. This region is long enough to span the membrane (31Å) and does not contain acidic 
residues, an essential feature for an anion channel. The TMR is consistently aliphatic 
amongst all CLIC proteins (Berry and Hobert, 2003) but the charged molecules are not highly 
conserved (Figure 6) and this has been postulated to lead to non-specific ion pores (Berry and 
Hobert 2006; Sakai and Tsukihara, 1998).  
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Figure 4: Hydrophobicity plot for CLIC1 
This shows two areas in the CLIC1 protein sequences that have significant hydrophobicity 
and thus the potential to form a transmembrane helix. These regions are in the vicinity of the 
described N-domain TMR (h1 and s2) and h6 in the C-domain. This image was constructed 
using the Kyte-Doolittle plot using the parameters described in Kyte and Doolittle (1982) 
with a window size of 19 to predict hydrophobic regions that could form a transmembrane 
region. Generally the hydropathy score has to be above 1.6 to indicate possible 
transmembrane regions, but the hydropathy scores of the two regions above are distinct from 
the rest of the protein and can thus be considered when searching for the transmembrane 
region of CLIC1. 
 
Studies conducted on this TMR show that this region is necessary for both membrane 
localisation and ion channel function. Berry and Hobert (2003 and 2004) used the first 66 
amino acids to study the TMR of the Caernorhabditis elegans CLIC protein, EXC-4. They 
truncated helix 6 (h6) from the C-domain and this did not affect membrane insertion but the 
deletion of the 66 amino acid N-terminal sequence resulted in the failure of EXC-4 to localise 
to the membrane. The deletion of the beta-strand (s2) resulted in incomplete membrane 
insertion and a mutation of the Leu46 residue in h1 to a proline disrupted membrane insertion. 
An additional helix (h1) added to the N-terminal of the protein did not disrupt membrane 
insertion. 
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S2 and h1
 
Figure 5: TMpred output for CLIC1 
This shows results for two orientations: the N-terminal region locating to the outside (dotted) 
and the inside (solid) of the membrane. Both plots indicate that the TMR helix is located in 
the N-domain between residues 21-46 but the orientation with the N-terminal region locating 
outside the cell, has a higher score (394 in comparison to 278) when the N-terminal regionis 
inside the cell, indicating that this is the preferred orientation with Leu36 at the center of the 
TM helix. This figure was generated using the online tool TMpred (Hofmann and Stoffel, 
1993) 
                                                                                         TMR 
                   ....*....|....*....|....*....|....*....|....*....|....*... 
hsCLIC1  5qPQVELFVKAGS-DGAKIGNCPFSQRLFMVLWLKG----VTFNVTTVDTKRRT52 
hsCLIC2 31DPEIELFVKAGS-DGESIGNCPFCQRLFMILWLKG----VKFNVTTVDMTRKP78 
hsCLIC3 23etKLQLFVKASE-DGESVGHCPSCQRLFMVLLLKG----VPFTLTTVDTRRSP70 
hsCLIC4 16EPLIELFVKAGS-DGESIGNCPFSQRLFMILWLKG----VVFSVTTVDLKRKP63 
dmCLIC  17KPLLELYVKASGIDARRIGADLFCQEFWMELYALYEIGVARVEVKTVNVNS--67 
ceEXC-4
 
 20VPEIELIIKASTIDGRRKGACLFCQEYFMDLYLLAELKTISLKVTTVDMQKPP72 
Figure 6: Structure-based sequence alignment of the TM regions of CLIC proteins 
The region in bold is the TMR. This 23 residue region is highly conserved in all the CLIC 
structures. The 18 residue sequence preceding the TMR is also highly conserved. This 
alignment was obtained using Vast (Madej et al., 1995) with the PDB files 1K0M (CLIC1) 
(Harrop et al., 2001), 2PER (CLIC2) (Mi et al., 2008), 3FY7 (CLIC3) (Littler et al., 2009), 
2AHE (CLIC4) (Littler et al., 2005), 2YV7 (exc-4) and 2YV9 (DmCLIC) (Littler et al., 
2008). 
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They concluded that h6 did not have role in membrane localisation, that the N-terminal 
sequence was fundamental to membrane insertion and function and that its conserved 
secondary structure was necessary and sufficient for membrane insertion while the rest of the 
N-terminal sequence (up to Cys24) was not necessary for but did not hinder membrane 
insertion, hence the extended N-terminal regions in other CLIC proteins such as CLIC5B and 
CLIC6. Duncan and co-workers (1997) also demonstrated that this 6 kDa N-terminal 
fragment formed a single transmembrane region in CLIC4 by treating CLIC4-microsomes 
with proteinase K. 
 
Singh and Ashley (2007) characterised the TMR for CLIC4 using the first 61 amino acids. 
The TMR was able to form ion channels although the conductance was reduced and ion 
selectivity was absent, they concluded that the 61 amino acid sequence contained the 
transmembrane region of CLIC4 and suggested that the C-domain confers ion selectivity. 
This was further confirmation that the transmembrane region of CLIC proteins is located in 
the N-domain. When the CLIC1 sequence is aligned with the TMRs that have already been 
characterised in CLIC4 and EXC-4, the TMRs align with the first 52 amino acids of CLIC1 
(Figure 6) which form a β1α1β2  supersecondary motif in the soluble structure. 
 
To form the transmembrane structure, the N-domain must detach from the C-domain of 
soluble CLIC1, extend and refold to expose buried hydrophobic residues and allow the 
replacement of protein-protein interactions with protein-lipid interactions as it penetrates the 
lipid bilayer. pH has been cited as a critical factor in this transition, after observations that 
channel formation and activity increased with a change from neutral to a more acidic pH 
(Cromer et al., 2007;  Goodchild et al., 2009; Littler et al., 2004; Littler et al., 2008; Tulk et 
al., 2002; Warton et al., 2002). The low stability and enhanced flexibility of the N-domain 
observed at low pH (Fanucchi et al., 2008; Stoychev et al., 2009), makes it more probable 
that it would undergo the structural reorganisation required to insert into the membrane. The 
TMR is thought to be destabilised as it approaches the membrane and enters a lower pH 
environment, before independently extending and refolding into a helical structure that can 
insert into the membrane (Fanucchi et al., 2008). Changes in the soluble CLIC1 structure 
where the N-domain undergoes a structural transition into an all-helical form at low pH have 
been postulated to form part of the transition into a membrane-bound CLIC1 (Reviewed by 
Singh, 2010).  
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2. OBJECTIVE 
 
Despite all the evidence regarding the location of the TMR of CLIC and the models that have 
been proposed as to how this region comes to be in the membrane, not much is known about 
its exact structure within the membrane. Researchers have postulated that in the membrane, 
this region forms a transmembrane helix that then interacts with other transmembrane helices 
to form a higher order structure (Littler et al., 2004; Singh and Ashley, 2006; 2007; reviewed 
by Singh, 2010; Warton et al., 2002). In order to better understand the mechanisms by which 
the CLIC proteins insert into the membrane, we need to elucidate the structure of the TMR 
region which facilitates their membrane insertion and subsequently their function as ion 
channels. The primary objective of this work was to characterise the structure and stability of 
the TMR of CLIC1 in membrane-mimetic systems. 
 
AIMS: 
1. To generate two peptides containing the TMR of CLIC1 
• Use recombinant protein overexpression to produce and purify β1-TMR – the first 52 
amino acids of CLIC1 containing β1 and the TMR  
• Design and commercially obtain chemically synthesised TMR – a 30-mer peptide 
encompassing residues Gly22 to Arg51 
2. To characterise the structure of the peptides in membrane mimetic solvents  
3. To study the effect of pH on the structure  
4. To characterise the stability of the structure 
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3. EXPERIMENTAL PROCEDURES 
3.1. Materials 
The pGEX-4T-1 vector containing cDNA to encode wild-type GST- CLIC1 fusion protein 
with a stop codon incorporated at position 193 to produce the GST-(β1-TMR) fusion protein 
was a obtained from Dr. S. Fanucchi, Protein Structure Function Research Unit, University of 
the Witwatersrand, Johannesburg. Escherichia coli BL21(DE3) pLysS competent cells were 
obtained from Stratagene (USA). Dithiothreitol (DTT), reduced glutathione (GSH), human 
plasma thrombin (T6884), GSH-agarose, SDS-PAGE low molecular weight markers and 
2,2,2-trifluoroethanol were purchased from Sigma-Aldrich (USA). Ultrapure urea was 
purchased from Merck (South Africa). The SDS-PAGE molecular weight marker (#SM0431), 
isopropyl-1-thio-β-D-galactopyranoside (IPTG) and GeneJet Kit for plasmid DNA 
purification were purchased from Fermentas (USA). All other chemicals were of analytical 
grade. 
 
3.2. Production of β1-TMR 
Competent Escherichia coli BL21(DE3) pLysS cells were transformed with the pGEX-4T-1 
plasmid containing the CLIC1 cDNA using the transformation protocol as first described by 
Cohen and co-workers (1974). Escherichia coli BL21(DE3) pLysS cells are able to take up 
DNA. They are able to grow in minimal medium and are deficient in key proteases that 
would degrade abnormal and/or extracellular protein before and after lysis (Lim et al., 1946; 
Wood, 1966). They also provide for a good expression system because they contain a T7 
promoter that is capable of producing large amounts of protein (Studier and Moffatt, 1987). 
The pGEX-4T-1 vector encodes a GST from Schistosoma japonicum as part of a fusion 
protein with the target protein and contains a thrombin cleavage site located between the 
SjGST and CLIC1 sequences allowing for on- or off-column cleavage of the target protein 
from the GST with thrombin. Competent Escherichia coli BL21 (DE3) pLysS cells were 
thawed on ice for 10 minutes, plasmid DNA was added and the mixture was stored on ice for 
a further 30 minutes. The mixture was then heat-shocked at 42 °C for 60 seconds and 
immediately transferred back to ice for 2 minutes. Super optimal broth with Catabolic 
repressor (SOC medium) was added to the reaction mixture which was then incubated at 37 
°C for 90 minutes. The cells were plated on LB-agar (yeast extract, tryptone, NaCl and agar) 
plates containing 1μl/ml ampicillin and incubated overnight (~16 hours) at 37 °C. The 
pGEX4T-1 vector contains an ampicillin resistance gene which codes for β-lactamase, an 
16 
 
enzyme that inactivates ampicillin by cleaving the β-lactam ring in its structure, allowing for 
the selection of successful transformants (Chung et al., 1989). 
 
3.2.1. Plasmid purification and verification 
A single colony from the transformants was selected from the LB-agar plates and cultured at 
37 °C overnight in 2x YT media (1.0 g yeast extract, 1.6 g tryptone, 0.5 g NaCl per 100 ml 
dH2O) containing 1μl/ml ampicillin. Plasmid DNA was purified from this culture using the 
GeneJet Kit DNA purification kit from Fermentas. Cells were lysed to release DNA and the 
plasmid DNA was subsequently purified from the chromosomal DNA and other cellular 
components using solutions from the kit. The purity and concentration of the DNA was 
assessed using Nanodrop TMRND-1000 spectrophotometer (Thermo Scientific, USA). The 
isolated DNA was sent to Inqaba Biotec (Pretoria, South Africa) for sequencing. The 
sequence was then aligned with the NCBI CLIC1 (NM_001288.4) sequence using the 
Blast2n alignment tool (http://blast.ncbi.nlm.nih.gov) at NCBI to confirm the presence of the 
CLIC sequence and the mutation required for truncating CLIC1 at amino acid 52. 
 
3.2.2. GST fusion protein overexpression and purification 
The overnight culture of the plasmid-bearing cells was re-cultured in 4 litres of 
2YT/ampicillin media at 20°C until late log phase (OD600 ~ 0.7). Overexpression was induced 
with 1mM IPTG, the cells were allowed to grow at 20°C overnight (~16 hours) and harvested 
by centrifugation at 5000 rpm for 20 minutes. The cells were resuspended in STE buffer (10 
mM Tris-HCl, 100 mM NaCl, 1 mM EDTA and 0.02% NaN3), frozen overnight at -20°C  
and subsequently thawed at 4°C to allow for lysis. They were further lysed by sonication at a 
setting of 3, using 30 second bursts in half-second intervals (Sonicator from Misonix). 
Sonication is a method used to disrupt cells using high-frequency soundwaves (20-50 kHz) to 
agitate and lyse the cells (Belgrader et al., 1999). To prevent heating of the sample (protein 
denaturing conditions) the sonication process was carried out on ice.  The lysate was 
centrifuged at 15000 rpm for 30 minutes to pellet any unbroken cells and other cell debris 
leaving the proteins in solution (supernatant). The resulting supernatant was diluted twice 
with the equilibration buffer (10 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, pH 
8.0) for the GSH-Sepharose column and then loaded onto the GSH-Sepharose column that 
was pre-equilibrated with 10 column volumes of the equilibration buffer. GSH-sepharose is a 
GST-affinity matrix with GSH attached to the sepharose beads. The SjGST tag of the 
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recombinant protein binds the GSH on the matrix (Smith and Johnson, 1988) whilst other 
proteins that cannot bind GSH pass through the column. The column was washed using ten 
column volumes of the equilibration buffer to remove any non-specifically bound proteins 
and the fusion protein was eluted using GST-elution buffer (50 mM Tris-HCl, 100 mM 
reduced GSH, pH 8.0) in fractions of 2 ml. The protein content of the fractions was 
quantified by absorbance spectrometry at 280 nm and the purity of the fractions assessed by 
SDS-PAGE using 16% polyacrylamide gels. SDS-PAGE is a method that separates proteins 
according to their size with the use of electrophoresis. SDS is added to the protein sample 
before it is loaded onto the gel. SDS is a detergent that denatures the structure of proteins by 
coating them to prevent refolding and conferring an overall negative charge to the protein 
molecule so that its movement through the matrix is based solely on size towards the positive 
electrode. The protein sample is then loaded into a polyacrylamide gel whose pores allow for 
the passage of the proteins. The proteins travel across the gel according to their size and the 
smallest proteins move faster and much further (Laemmli, 1970). The SDS-PAGE gels were 
stained with Coomassie blue. A pure protein forms one distinct band whose size can be 
evaluated using a molecular weight marker loaded into a separate well. Pure fractions of the 
fusion protein with an OD280 above 1.0 were pooled together. 
 
3.2.3. Off-column thrombin digestion of fusion protein 
Thrombin cleavage of GST fusion proteins is usually performed whilst the fusion protein is 
still bound to the GSH-affinity column resulting in the release of the target protein whilst the 
GST partner remains bound to the column. Attempts at on-column thrombin cleavage of the 
SjGST-(β1-TMR) fusion protein were unsuccessful resulting in an incompletely digested 
fusion protein. Thus, the fusion protein was eluted from the GSH column and the fractions 
pooled together as described in Section 3.2.2. The protein stock was dialysed against 
thrombin cleavage buffer (10 mM Tris-HCl, 150 mM NaCl, 2.5 mM CaCl, 1 mM DTT, pH 
8.4) in preparation for off-column thrombin digestion. Thrombin from human plasma was 
added to the fusion protein in thrombin cleavage buffer and incubated at 20°C for at least 16 
hours with mild agitation. Thrombin is a site specific protease that cleaves proteins guided by 
a recognition sequence (Leu-Val-Pro-Arg-Gly-Ser) (Lottenberg et al., 1981; Chang, 1985). 
The thrombin cleaves between the arginine and glycine residues, releasing the β1-TMR from 
the fusion protein with glycine and serine appended to the N-terminal of the β1-TMR. This 
cleavage results in a solution of β1-TMR, GST and thrombin. The success of the thrombim 
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digestion of the SjGST-(β1-TMR) fusion protein was assessed using SDS-PAGE. The size of 
the β1-TMR protein is ~6 kDa (ProtParam, Gasteiger et al., 2005) and because of its very 
small size, a modified version of SDS-PAGE was employed. Standard SDS-PAGE employs 
glycine buffers but a tricine system is preferred to resolve proteins smaller than 30 kDa and 
those with high hydrophobic content (Schägger and von Jagow, 1987). The two systems have 
different pKa values that define them as trailing ions relative to the electrophoretic mobility 
of the proteins. Sixteen percent polyacrylamide gels can resolve proteins ranging from 1-70 
kDa, a mass range much narrower than that resolved by standard SDS-PAGE. In both 
methods, a pure protein should form one distinct band whose size can be evaluated using a 
molecular weight marker loaded into a separate well and the gels can be visualised using 
Coomassie blue or other modified staining methods. (Laemmli, 1970; Schägger, 2006). The 
thrombin-digestion mixture was analysed by SDS-PAGE using 16% acrylamide gels to 
confirm their purity and the size. Smaller proteins can easily diffuse out of polyacrylamide 
gels into the staining solution. Fixing of the proteins can be done to prevent this. The Tricine 
SDS-PAGE gels were first fixed using 10 mM ammonium acetate in 50% methanol and 10% 
acetic acid (Schägger& von Jagow 1987; Schägger, 2006) before staining with Coomassie 
blue.  
 
In an effort to separate the β1-TMR peptide from the SjGST, ultrafiltration was employed. 
This method uses membranes with pores of various size to separate proteins according to 
their size. The thrombin digestion mixture was filtered through a pm10 membrane with a 
molecular weight cut-off of 10 kDa to filter any proteins larger than 10 kDa i.e. SjGST (26 
kDa) and thrombin (37 kDa). The filtrate was then subsequently run through pm3 membrane 
with a molecular weight cut-off of 1 kDa to concentrate it. The protein content was assessed 
using absorbance spectrometry at 280 nm. 
 
3.2.4. Size exclusion chromatography 
To separate the β1-TMR from the thrombin cleavage mixture containing SjGST and human 
plasma thrombin, size-exclusion chromatography was employed using the G-75 Sephadex 
size exclusion matrix. Size exclusion chromatography (SEC) by gel filtration separates 
molecules according to their size. The matrix is composed of beads with pores which can 
accommodate certain size molecules while molecules of a size greater than this remain in the 
mobile phase and are eluted first. The exclusion limit on the G-75 is 3 kDa- 80 kDa, meaning 
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molecules in this range enter the pores in the beads, the smallest molecules are able to enter 
more pores and are retained in the beads longer resulting in them eluting last. Blue dextran (2 
000 kDa), chicken egg lysozyme (14 kDa), human albumin (40 kDa) and glutathione 
transferase A1-1 (52 kDa) were used as standards to determine the elution time of the 
contents of the thrombin cleavage mixture. Blue dextran is a polysaccharide of large 
molecular weight which is used to determine the void volume of the size-exclusion matrix: 
the volume at which the largest molecules will elute. The other standards were chosen 
because of their similar size to the components of the thrombin cleavage mixture: human 
plasma thrombin (37 kDa), SjGST (52 kDa) and the β1-TMR (6 kDa).  
 
3.3. Acquisition of synthetic TMR peptide 
The TMR of CLIC1 is a 23 residue sequence in the N-domain (Cys24-Val46). The 
production of such a peptide using expression systems can prove difficult because of its size 
and hydrophobic properties. A 30 residue synthetic peptide encompassing Gly22 to Arg51 
(Ac-GNSPFSQRLFMVLWLKGVTFNVTTVDTKRR-Am) and containing the TMR of 
CLIC1 was purchased from GL Biochem (Shanghai, China). The Cys24 residue was replaced 
by Ser24 to prevent oxidation and the formation of intermolecular disulfide bonds which 
would contribute to aggregation. The change to a serine would replace the hydrophobic thiol 
side chain of cysteine with a polar hydroxyl group. A mutation of Cys24 to Ala24 in CLIC1 
has been shown to affect the redox activity and function of the channel but not membrane 
insertion and channel formation (Singh and Ashley, 2006). The peptide was designed with N- 
and C-terminal modifications, acetylation and amidation respectively, providing flanking 
peptide bonds that stabilise the peptide and create an environment similar to that the peptide 
would reside in, in the native protein. 
 
3.4. Solubilisation of TMR peptide 
To effectively solubilise the TMR peptide, the properties of the peptide needed to be known. 
The peptide sequence was analysed with ProtParam (Gasteiger et al., 2005) as well as a 
peptide property calculator from innovagen (http://www.innovagen.se/custom-peptide-
synthesis/peptide-property-calculator/peptide-property-calculator.asp). To solubilise the 
peptide, solvents generally recommended for solubilising synthetic peptides were utilised. 
The solvents included phosphate buffers, ethanol and methanol.  
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3.4.1. Peptide concentration determination 
Absorbance spectroscopy can be used to assess both the purity and the concentration of the 
protein samples. Absorbance at 280 nm can be used to quantify proteins based on the amino 
acid residues that absorb light at this wavelength i.e. tyrosine and tryptophan. A series of 
dilutions of the TMR peptide solutions were prepared and their absorbances read at 280 nm 
from which a calibration curve of A280(corrected) plotted against the dilution factor was 
constructed to aid in the determination of the peptide concentration. 
 
The A280 readings were corrected for the buffer using the equation: 
 
A280(corrected) = (A280(protein) – A280(buffer))   Equation 1 
 
The extinction coefficient (ε) is a measure of the extent a protein can absorb light at a specific 
wavelength. The molar extinction coefficient of the TMR peptide was determined from its 
amino acid sequence based on the molar extinction coefficient of the lone Trp35 in the TMR 
(Equation 2) (Perkins, 1986). The ε280 for tryptophan has been shown to be solvent 
dependent, and is higher in alcohol solvents such as propanol but it does not vary 
significantly (Pace, 1995). 
 
 
ε280 (M-1cm-1) = 5550ΣTrp + 1340ΣTyr + 150ΣCys  Equation 2 
= 5550(1) + 1340(0) + 150(0) 
= 5550 M-1cm-1 
 
 
The molar extinction coefficient together with the linear regression analysis of the calibration 
curve was used to determine the concentration of the TMR peptide using the Beer-Lambert 
law: 
A = εcl       Equation 3 
 
where A is the absorbance, ε is the molar extinction coefficient of the peptide at wavelength 
280 nm, c is the concentration of the peptide solution and l is the cuvette path length.  
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3.5. Characterisation of TMR peptide  
To characterise the structure of the membrane-bound TMR, the structure of TMR peptide was 
studied in membrane-mimetic solvents using biochemical and biophysical methods. 
 
3.5.1. Circular dichroism 
Circular dichroism (CD) is a form of spectroscopy that measures the differences between the 
absorbance of left- and right circularly polarised light by proteins and can be used to 
characterise the secondary structure of proteins (reviewed by Woody, 1995). The absorption 
bands for the peptide backbone are found in the far-UV range (170 – 250 nm) while that of 
disulphide groups and aromatic amino acids are found in the near-UV range (250 – 300 nm). 
Equal amounts of the two types of polarised light are radiated into a solution containing the 
protein, and are absorbed in different amounts. The difference in absorbance is dependent on 
the wavelength and yields the CD spectrum for the sample. The secondary structural elements, 
alpha helices or beta sheets, have CD absorbance spectrums that are unique to them that can 
be used for reference when solving for unknown structures of protein sequences (Henessey et 
al., 1981; Johnson, 1990; Provencher et al., 1981). CD spectroscopy was used to assess the 
structure of the TMR peptide in membrane-mimetic solvents, predicted to be alpha-helical in 
the native protein when in the membrane. The model for membrane protein folding predicts 
that a TM peptide should retain its native structure when excised from its parent protein 
(Popot and Engelman, 1990). 
All CD measurements were performed on a Jasco J-810 spectropolarimeter (Jasco, Japan).  
An average of 5 scans was recorded in the far-UV region (190 – 250 nm) at 200 nm/min with 
a data pitch of 0.1 nm, a response time of 1 second and a bandwidth of 2 nm to characterise 
the secondary structure of 10 µM TMR peptide at 20°C. All spectra were buffer-corrected 
and the raw signal in mdeg converted to mean residue ellipticity (MRE) [Θ] (deg.cm2.dmol-1) 
using the following equation: 
 
[Θ] = (100 θ)/cNl     Equation 4 
 
where θ is the raw signal in mdeg, c is the concentration of the protein (mM), N is the 
number of residues in the protein and l is the path length (Woody, 1995). 
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Native spectra were smoothed using the negative exponential function in Sigmaplot v. 11.0. 
Far-UV CD at 222 nm (Θ222) was also used to monitor changes in secondary structure 
during thermal unfolding experiments. 
 
3.5.2. Fluorescence 
3.5.2.1. Steady-state fluorescence 
Fluorescence is the phenomenon by which a molecule emits radiation or light at a lower 
energy than the energy of the light absorbed. This is a result of the return of an unpaired 
electron from the excited to the ground state, transferring the excitation energy to the 
surrounding medium (Lakowicz, 1983). The side chains of two amino acids (tryptophan and 
tyrosine) exhibit significant intrinsic fluorescence. Both amino acids can be excited at 280 nm 
but tryptophan can be selectively excited at 295 nm. Tryptophan has the highest fluorescence 
quantum yield. The use of intrinsic fluorescence for the study of protein tertiary structure 
relies on the fact that the parameters of tryptophan emission depend on environmental factors 
such as solvent polarity and pH (Lakowicz, 1983; 1999). A highly exposed tryptophan in a 
folded structure has maximum fluorescence emission in the vicinity of 350 nm and an 
environment of reduced polarity results in a characteristic blue shift and tryptophan emits 
maximally at wavelengths shorter than 350 nm (Caputo and London, 2003; Lakowicz, 1999).  
The maximum fluorescence emission wavelength for a tryptophan residue is related to the 
extent of the exposure of the indole ring to the solvent and gives information about the 
tryptophan’s packing and local environment (Lakowicz, 1999). The fluorescence of Trp35 in 
the TMR peptide was evaluated by exciting 10 µM TMR at 295 nm using a Perkin Elmer 
LS50-B spectrofluorometer. Measurements were performed in a quartz cuvette (1 cm 
pathlength) with a scan speed of 200 nm/min over wavelength range 295-450 nm using 
excitation and emission slit-widths of 3cm and a data pitch of 0.5 nm. All experiments were 
performed at 20°C and all data were buffer-corrected. 
 
3.5.2.2. Acrylamide quenching  
Acrylamide is a neutral, water-soluble and efficient quencher of tryptophan fluorescence.  
Acrylamide quenching is a technique that is used to gather information concerning the 
exposure and microenvironment of tryptophan residues in proteins. This is related to the 
tertiary packing of the protein in that environment (Eftink, 1991). Acrylamide quenching of 
the TMR peptide’s intrinsic fluorescence was used to study the tertiary environment of Trp35 
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when it was in an environment representative of the membrane (2,2,2-Trifluoroethanol) and 
to give insight into the effect of pH (Phillips et al., 1986). Acrylamide quenching is very 
sensitive to the degree of tryptophan accessibility to the solvent containing the acrylamide. 
Acrylamide is generally excluded from the hydrophobic interior of membranes or the 
hydrophobic interior of proteins. Any change in the tertiary structure of the TMR peptide 
around the tryptophan can be studied by observing by the degree which the tryptophan 
fluorescence is quenched by the acrylamide and whether this changes as the pH is changed.  
Quenching by Acrylamide was analysed using the modified Stern-Volmer equation:  
 
F0/F =1 + Ksv [Q]     Equation 5 
 
where Ksv is the Stern-Volmer dynamic quenching constant and [Q] is the quencher  
(acrylamide) concentration (Eftink, 1991; Lakowicz, 1999). 
 
3.5.3. Behaviour of TMR peptide in SDS micelles 
Surfactants are amphiphilic molecules consisting of a long hydrocarbon tail and a hydrophilic 
headgroup which can change the properties of a polar solution, especially its ability to 
solubilise hydrophobic substances by the formation of micelles (Jelinek and Kolusheva, 
2005). Sodium dodecyl sulphate is a surfactant that is used in membrane protein studies 
because of its ability to form micelles, small sphere-shaped structures with properties that 
resemble those of the membrane. SDS micelles form when a minimum bulk SDS 
concentration is reached (8 mM) which is the critical micelle concentration (CMC) of SDS 
(Garavito and Ferguson-Miller, 2001). SDS micelles provide an anionic, membrane-mimetic 
environment with a hydrophobic core and a polar surface. The anionic groups of SDS first 
bind to the cationic groups of amino acids like lysine while additional detergent molecules 
bind to hydrophobic domains through hydrophobic interactions resulting in an increase in 
helical structure of TM domains when in SDS solutions (Wu et al., 1981; Wu and Yang, 
1978). An electrostatic anchor such as SDS forms stable protein-detergent complexes that 
allow formation of a hydrophobic environment required for alpha-helix hydrogen bond 
network stabilisation. Varying concentrations of SDS (0-20 mM) in 5 mM phosphate buffer 
pH 5.5 were used to characterise the secondary structure of the TMR peptide in a micellar 
environment using far-UV CD. TMR peptide stock solution was added to SDS/phosphate 
buffer mixtures of SDS to  a final concentration of 10 µM. 
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3.5.4. Effect of environment on the TMR peptide: pH and TFE studies 
2,2,2-Trifluoroethanol (TFE) is a non-polar solvent with properties very similar to the  
membrane and is widely used as a membrane model system. TFE facilitates the formation of 
protein secondary structures that would not normally form in polar solutions but it cannot 
confer secondary structure (e.g. helices) on sequences that have no propensity to form such 
structures (Rohl et al., 1996; Kumaran and Roy, 1999). TFE molecules coat the peptide, 
displacing water and removing alternate hydrogen-bonding partners to favour the formation 
and stabilisation of intra-peptide hydrogen bonds (Roccatano et al., 2002). Different 
concentrations of TFE (0-100%) were used to create a non-polar environment for the TMR 
peptide to give insight into the structures formed by the peptide in the non-polar environment 
of the membrane interior.  
 
TFE studies were performed at two pH conditions: pH 5.5 and pH 7.0, the pH representative 
of the membrane surface and the cytoplasm, respectively, representing the changing 
environment the peptide would encounter as it approaches the membrane. A TFE-
independent study in aqueous solution at different pH values (5.0-8.5) as well as at different 
TMR peptide concentrations (5-35 µM) was carried out to investigate changes in the CD 
signal as a result of a change in structure and/or aggregation of the peptide. All solutions 
contained final concentrations of 5 mM phosphate buffer and 10 µM TMR peptide. Far-UV 
CD spectra (190-250 nm) were collected to observe the effect of these conditions on the 
secondary structure of the TMR peptide. 
 
3.5.5. Stability studies 
Protein stability refers to the thermodynamic stability of a protein or a peptide. This can be 
measured by the difference in Gibbs free energy, ∆G, between the folded (Gf) and the 
unfolded (Gu) forms of the protein or peptide. This is the activation energy required for the 
peptide to unfold and the larger and more positive ∆G, the more stable the peptide is to 
denaturation (Pace et al., 1996, Baldwin, 2003). Peptide denaturation can be carried out by 
manipulating factors in the immediate environment of the peptide, such as pH and/or 
temperature or by using chemical denaturants. 
 
Chemical denaturants unfold peptides either by forming hydrogen bonds with the peptide 
backbone and aromatic residues or by affecting the structure of the surrounding water 
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molecules thus altering the hydration of protein groups and weakening the hydrophobic effect 
(Bennion and Daggett, 2003). During the denaturation process, the hydrophobic core of the 
native state is initially solvated by water but the denaturant interacts preferably with non-
native states to form the denatured state (Bennion and Daggett, 2003). Urea equilibrium 
unfolding of the TMR peptide was performed under the conditions mentioned in section 
3.5.4., to determine the stability of the structure formed by the TMR peptide in the membrane. 
The stability of the TMR peptide was assessed by following its helical and fluorescent 
behaviour at increasing urea concentrations. 10 M urea was prepared in 5 mM phosphate 
buffer (pH 5.5 and pH 7.0) and used to make solutions containing urea concentrations from 0 
M to 6 M in 40% TFE to which 10 µM TMR peptide was added. The change in ellipticity of 
the TMR peptide was observed at 222 nm using circular dichroism and the fluorescence of 
Trp35 was followed at 355 nm. 
 
Thermal stability of the TMR peptide was also assessed using thermal unfolding. A solution 
containing 10 µM TMR in 40% TFE at either pH 5.5 or pH 7.0 was heated from 10-100°C 
while monitoring its ellipticity at 222 nm. The reversibility of the unfolding reaction was also 
assessed by cooling the sample after heating to allow refolding. The melting temperature of a 
protein whose unfolding is fully reversible is directly related to conformational stability and 
the thermodynamics of protein folding can be determined from it (Pace et al., 2004).  
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4. RESULTS 
 
4.1. Purification of the β1-TMR peptide 
4.1.1 DNA Sequencing 
The pGEX-4T-1 plasmid containing the CLIC1 DNA was sent for sequencing at Inqaba 
Biotec (Pretoria, South Africa) to confirm the incorporation of the mutation that would yield 
CLIC1 truncated at Thr52, referred to as β1-TMR. The DNA sequence shows a T at 
nucleotide position 192 (Figure 7). This sequence shares 99% identity with the NCBI wild-
type CLIC1 sequence (NM_001288.4) and changes the codon for Glu53 (GAG) into a stop 
codon (TAG) thus coding for the β1-TMR peptide. 
 
 
 
 
 
 
        
             
       
 
        
             
       
 
Query  155  CCTTCAATGTTACCACCGTTGACACCAAAAGGCGGACCTAGACAGTGCAGAAGCTGTGCC  214 
            ||||||||||||||||||||||||||||||||||||||A||||||||||||||||||||| 
CLIC1  318  CCTTCAATGTTACCACCGTTGACACCAAAAGGCGGACCGAGACAGTGCAGAAGCTGTGCC  377 
 
       
             
       
 
       
             
       
 
       
             
       
 
       
             
       
 
       
             
       
 
       
             
       
 
       
             
       
 
       
             
       
 
       
             
       
 
 
 
Figure 7: Sequencing result of pGEX-CLIC1 plasmid 
(A) Sequencing output of the mutated DNA shows a T at nucleotide position 192. (B) Blast 
alignment of sequenced DNA with CLIC1 from homo sapiens (NM_001288.4) shows that T 
has replaced a G in the wild-type CLIC1(yellow) and changes the codon for Glu53 (GAG) 
into a stop codon (TAG) (red box). 
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4.1.2. Protein expression and purification 
The expression of the GST-(β1-TMR) fusion protein was carried out as described in 3.2.2. 
Purification of the GST-(β1-TMR) fusion protein was carried out using GSH affinity 
chromatography. Each step of the expression and purification was assessed using SDS-PAGE 
gels. Figure 8A shows an SDS-PAGE gel of the samples collected. After the overnight 
incubation with IPTG a protein of ~ 30 kDa is overexpressed (lane 2). This protein is soluble 
and present in the supernatant (lane 5). It binds to the GSH-Sepharose resin and is not present 
in the eluate (lane 6). A standard curve was constructed from the distance travelled by the 
molecular weight markers and was used to confirm the size of the fusion protein (Figure 8B). 
The molecular weight of the purified protein was determined to be ~31 kDa using the 
equation of the calibration curve (y = 0.0105x + 2.2006). This is in the expected size range 
for the GST (26 kDa) and β1-TMR (6 kDa) fusion protein. The protein content in the eluted 
fractions was evaluated using absorbance spectrometry (Figure 8C) and the purity of fractions 
with an A280 value greater than 1 was assessed using SDS –PAGE (Figure 8D).  
 
Off-column thrombin digestion was performed to separate β1-TMR from the GST as earlier 
experiments had shown that the fusion protein could not be cleaved while bound to the GSH-
Sepharose resin. Thrombin digestion of the fusion protein was assessed using Tris-Tricine 
SDS-PAGE. This resulted in 2 proteins of molecular weights ~26 kDa and ~6 kD, indicating 
that the β1-TMR peptide had been successfully cleaved from the GST (Figure 9).   
 
Various methods, including size exclusion chromatography, hydrophobic interaction 
chromatography, ultrafiltration and reloading the digestion mix onto the GSH-affinity column 
were used in an attempt to separate the β1-TMR peptide from the GST. However, these 
methods proved unsuccessful as the β1-TMR peptide could not be visualised using 
polyacrylamide gels or absorbance readings. Therefore, no characterisation work was done 
on the β1-TMR peptide.  
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Figure 8:  Expression and purification of the GST-(β1-TMR) fusion protein 
(A) SDS-PAGE gel to evaluate the purity of the protein at each stage of the purification 
process, Lanes 1: pre-induction; 2: post-induction; 3: molecular weight marker; 4: pellet; 5: 
supernatant; 6: loading flow-through (B) Standard curve for the determination of molecular 
weight of the fusion protein using the molecular weight standards: β-galactosidase (116kDa); 
bovine serum albumin (66.2 kDa); ovalbumin (45 kDa); lactate dehydrogenase (35 kDa); 
REase Bsp98I (25 kDa) β-lactoglobulin (18.4 kDa)  and lysozyme (14.4 kDa) . The position 
of the fusion protein on the standard curve is shown in black and the molecular weight of the 
fusion protein was calculated to be 31 kDa. (C) Elution profile of fusion protein off the GSH-
Sepharose column (D) SDS- PAGE gel Lanes 1-9: Fractions 10-18 from elution profile (C); 
Lane 10: Molecular weight marker. 
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Figure 9: Thrombin cleavage of the GST-(β1-TMR) fusion protein 
(A) 16% Tricine SDS PAGE. Lanes 1: molecular weight marker, 2: thrombin digestion mix, 
3: thrombin digestion mix. (B) Standard curve constructed from the mobilities of molecular 
mass standards triose phosphate isomerise (26.6 kDa); myoglobin (17 kDa); β-lactoglobulin 
(14.2 kDa); aprotinin (6.5 kDa); insulin chain B (3.5 kDa) and bradykinin (1.1 kDa) on 16% 
Tricine SDS PAGE, indicating the position of β1-TMR in red as 6 kDa. 
 
4.2. Solubilisation of the TMR peptide 
The TMR peptide was obtained from GL Biochem (Shanghai, China) as a lyophilised powder. 
Mass spectrometry analysis from the synthesis report indicated that the TMR was >95% pure. 
The lyophilised TMR peptide needed to be solubilised for the characterisation experiments. 
The optimal solvent would effectively dissolve the peptide at high concentrations which 
allowed the use of small volumes of aliquots in order to minimise the effect of the initial 
solvent. The solvent would also be compatible with the techniques to be used in this study. A 
number of aqueous and organic solvents were tested to find a suitable solvent by adding the 
peptide to the solvents to a final concentration of 100 µM. The peptide solutions were 
centrifuged to pellet peptide that was not soluble and the concentration of the TMR peptide in 
the supernatant was determined by UV absorption and used as a measure of its solubility in 
the solvent. CD spectra were also recorded in the far-UV region to assess the secondary 
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structure of the TMR peptide in the various solutions as well as the suitability of the solvent 
for circular dichroism spectroscopy. 
 
Analysis of the TMR peptide sequence using ProtParam, an online tool that computes the 
physical and chemical parameters of proteins (Gasteiger et al., 2005), revealed a GRAVY 
(grand average of hydropathy) score of -0.2.  The GRAVY index can be used as a measure of 
protein solubility, and a negative GRAVY score usually indicates a hydrophilic peptide that 
is soluble in polar solvents (Kyte and Doolittle, 1982). The analysis also indicated that the 
peptide had a pI of 12.24 and was a basic peptide with a charge of +4 between pH 5 and 9. 
Peptide manufacturers recommend that basic peptides, first be solubilised in aqueous solution. 
Electrostatic forces are crucial in keeping TM peptides soluble and factors such as ionic 
strength and pH of the buffer solution have to be carefully chosen. An increase in ionic 
strength resulting in the weakening of repulsive electrostatic forces has been shown to 
increase the risk of TM peptide aggregation (Lazarova et al., 2004). Low concentration 
sodium phosphate buffer was chosen as the polar solvent to be used in our study, as high 
concentration buffer was observed to interfere with the signal from far-UV CD measurements 
in earlier experiments. 
 
The far-UV CD spectrum of the TMR peptide in 5 mM sodium phosphate buffer (pH 7.0)  
before centrifugation shows a secondary structure characterised by a minimum at ~215 nm 
(Figure 10), a pattern similar to that observed for beta-sheet aggregates (Arutyunyan et. al., 
2001; Compton et.al., 1987). The TMR peptide concentration of the supernatant from the 
solubilised in 5mM phosphate buffer was very much near zero (not shown) and the 
supernatant after centrifugation does not show any secondary structure (Figure 10) suggesting 
that no peptide remained in solution. The TMR peptide contains a large number of 
hydrophobic residues (40%) which can associate by hydrophobic interaction in an aqueous 
environment (Kauzmann, 1959) reducing their contact with and excluding the solvent 
(Tanaka, 2001) which will decrease its solubility in polar solvents and cause it to aggregate. 
This is not unusual as TM peptides often form extremely stable beta-sheet aggregates in 
aqueous solutions. These aggregates may even resist harsh detergents like SDS and therefore 
are of limited use for further investigations. TM peptides derived from receptor tyrosine 
kinases (Neu and ErbB2), exhibited CD spectra typical of beta-structured aggregates that 
persisted even in SDS–polyacrylamide gel electrophoresis (SDS-PAGE). Only after 
dissolving the lyophilised peptides in a chloroform/formic acid/acetic acid/TFE (2:1:1:1) 
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mixture could the TM peptides be characterised in membrane-mimetic systems (Bordag and 
Keller, 2010; Jones et al., 2000).  
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Figure 10: Far-UV CD spectra of the TMR peptide in aqueous buffer. 
The TMR peptide in 5 mM sodium phosphate buffer, pH 7.0 at 20 °C before (dark blue) and 
after (light blue) centrifugation. The TMR peptide is not soluble in aqueous buffer. Data were 
plotted with Sigmaplot v. 11.0 and the spectra smoothed using the negative exponential 
method. 
 
Organic solvents, due to simplicity of their chemical make up, have been applied in peptide 
research for over half a century with great success despite their poor resemblance to the 
membrane (Goodman and Rosen, 1964). In addition to being good solvents for hydrophobic 
peptides, most organic solvents induce and/or stabilise secondary structures that are intrinsic 
to the peptide (Buck, 1998; Katragadda et al., 2001a,b; Roccatano et al., 2002). Ethanol and 
methanol were tested for solubilising the TMR peptide, these organic solvents are generally 
recommended for peptide solubilisation (McMullen et al., 1971). 
 
Solubility of the TMR peptide in 100% ethanol was limited and the peptide formed 
aggregates that were recovered by centrifugation. The resulting solution had a low peptide 
concentration (~ 3 µΜ) as determined by UV absorbance (Figure 10A) and the far-UV CD 
spectrum shows alpha-helical secondary structure with minima at 222 nm and 208 nm and a 
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maximum ~190 nm (Figure 11B). Although the TMR peptide was soluble in ethanol to some 
extent, ethanol was not suitable for making a high concentration TMR peptide stock solution. 
 
Solubilisation of the TMR peptide in methanol was successful, with no aggregates recovered 
after centrifugation. The peptide concentration of the supernatant calculated from the linear 
fit of the A280 measurements from the dilutions of the TMR peptide solution was close to 
that weighed out (~ 100 µM). High concentrations of methanol are routinely used to 
solubilise membrane peptides (Zhang et al., 2007) and the far-UV circular dichroism 
spectrum of the TMR peptide in 100% methanol indicates alpha-helical secondary structure, 
with minima at 222 nm and 208 nm and a maximum at ~190 nm (Johnson, 1990) (Figure 
12B). Due to its ability to completely solubilise the TMR peptide and its compatibility with 
far-UV circular dichroism, methanol was chosen to be the primary solvent.  
 
2,2,2-Trifluoroethanol (TFE) is routinely used to promote the formation of secondary 
structure in peptides and as a membrane mimetic for the study of transmembrane peptides 
(Roccatano et al., 2002; Tamburro et al., 1968). TFE is also used as a solvent in nuclear 
magnetic resonance (NMR) to solve the solution structures of peptides (Clore et al., 1986; 
Marion et al., 1988). These studies often utilise TFE in conjunction with an aqueous solvent. 
TFE was selected as a membrane mimetic for the study of the TMR peptide. TFE binary 
mixtures form clathrate hydrate structures, where single TFE molecules are surrounded by a 
large number of water molecules (Buck, 1998). The immobilisation of water in these 
structures limits the amount of water molecules available in solution to interact with the 
peptide backbone leading to high local concentrations of TFE molecules around the peptide 
(Klaus et al., 1998; Popa et al., 2004; Roccatano et al., 2002). It was decided that the 
TFE/buffer mixture would be used for this study as this also allowed for the regulation of pH 
which would be implemented in the subsequent experiments. 
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Figure 11: The TMR peptide in ethanol 
(A) The absorbance of serial dilutions of the TMR peptide in 100% ethanol measured at 280 
nm. The concentration was calculated as ~ (R2 = 0.997). The TMR peptide has limited 
solubility in absolute ethanol. (B) Far-UV CD spectrum of 3 µM TMR peptide in 100% 
ethanol, at 20 °C after centrifugation shows alpha-helical secondary structure. Data were 
plotted with Sigmaplot v. 11.0 and the spectra smoothed using the negative exponential 
method. 
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Figure 12: Far-UV CD spectra of the TMR peptide in methanol. 
The TMR peptide in 100% methanol at 20°C. Secondary structure of the TMR peptide is 
alpha-helical in methanol. Data were plotted with Sigmaplot v. 11.0 and the spectra smoothed 
using the negative exponential method. 
 
Methanol has been shown to reduce the structural content of peptides in TFE mixtures 
(Ganesh and Jayakumar, 2002; Planque et al., 2007). Since methanol was chosen as the 
primary solvent for the TMR peptide, the effect of methanol concentration on the secondary 
structure of the TMR peptide in TFE/buffer mixtures was studied to determine a methanol 
concentration which would not interfere with the effect of TFE. The results indicate that 
increasing methanol concentration reduces the secondary structure observed in the 
TFE/buffer mixtures with the highest secondary structure observed at 2% methanol (Figure 
13B). A high concentration stock solution of the TMR peptide was prepared in 100% 
methanol so that all samples used in this study contained a final concentration of 2% 
methanol. 
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Figure 13: Far-UV CD spectra of the TMR peptide in 50% TFE 
The TMR peptide in 50% (v/v) TFE/buffer (5 mM sodium phosphate buffer, pH 7) mixtures 
with varying concentrations of methanol at 20°C.  Data were plotted with Sigmaplot v. 11.0 
and the spectra smoothed using the negative exponential method. 
 
4.3. Characterisation of the TMR peptide 
To characterise the structure of the TMR peptide in a non-polar environment as is the case in 
the membrane, the secondary structure of the TMR peptide was studied using circular 
dichroism, as a function varying TFE concentrations in TFE/buffer mixtures. The mean 
residue ellipticity (MRE) at 222 nm, used as a measure of helical structure, was plotted 
against TFE concentration (Figure 14B). A decrease to a more negative value of MRE 
indicates an increase in secondary structure.  At low concentrations of TFE (0-10%) the TMR 
peptide has very little secondary structure. Increasing the concentration of TFE from 10% to 
40% transforms the TMR peptide from unstructured to an alpha-helical form. Further 
increase of TFE concentration beyond 40% TFE has no significant effect on the helical 
content of the TMR peptide. The effect of TFE is said to be saturated at low concentrations of 
TFE (~30%), where the TFE molecules are localised around ~80% of the peptide backbone 
(Imai et al., 2009; Roccatano et al., 2002). Thus all subsequent experiments were performed 
in 40% TFE. In the TFE study, there is a transition from a conformation that is almost devoid 
of any secondary structural elements to one that is characterised by high alpha-helical content 
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upon the addition of TFE. This resembles a two-state transition that is also evidenced by the 
presence of an isodichroic point at ~200 nm (Figure 14A). 
 
To determine the content of the secondary structure formed by the TMR peptide in 
TFE/buffer mixtures, the circular dichroism spectrum at 40% TFE was analysed using 
Dichroweb (http://dichroweb.cryst.bbk.ac.uk/html/home.shtml), an online server for the 
deconvolution of circular dichroism data (Whitmore and Wallace, 2004). The server allows 
for the input of raw CD spectral data that can be analysed using a number of algorithms. The 
algorithm uses reference data sets of CD data of proteins with known structure and gives an 
output of a structural content that best fits the input data (Figure 15). The results indicate that 
in 40% TFE, the TMR peptide has a helical content of ~52% with ~ 26 % of the peptide 
unordered and 7% and 15% in strand and turn conformation, respectively (Table 1).  
 
The self association of peptides, whether by aggregation or oligomerisation has been shown 
to increase with increasing peptide concentration (Juban et.al., 1997). This self-association 
can be monitored by far-UV CD and would result in an increase in the helical structure i.e. 
far-UV signal. To ensure that the far-UV signal observed for the TMR peptide was not a 
result of aggregation, the effects of peptide concentration on the TMR peptide structure 
formed in 40% TFE/ buffer mixtures was investigated by monitoring the secondary structural 
content of the TMR peptide at different peptide concentrations. The resulting far-UV CD 
spectra show no significant change in the alpha-helical secondary structure of the TMR 
peptide as the concentration is increased (Figure 16).  
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Figure 14: Far-UV CD spectra of the TMR peptide as a function TFE concentration 
(A) Circular dichroism spectra of the TMR peptide in various TFE/buffer (5mM sodium 
phosphate buffer, pH 7) mixtures (% v/v) at 20°C. (B) The MRE at 222 nm of the TMR 
peptide as a function of TFE concentration indicates a two-state process from an unfolded to 
a helical form.  Data were plotted with Sigmaplot v. 11.0 and the spectra smoothed using the 
negative exponential method.  
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Figure 15: Dichroweb analysis of the TMR peptide in 40% TFE 
Dichroweb output for the deconvolution of the CD spectrum of the TMR peptide in 40% 
(v/v) TFE/5 mM sodium phosphate buffer, pH 7. The fit has an NRMSD of 0.031. 
 
 
 
Result Helix1 Helix2 Strand1 Strand2 Turns Unordered Total 
1 0.342 0.174 0.029 0.038 0.154 0.263 1 
2 0.373 0.170 0.036 0.033 0.128 0.259 0.999 
 
 
 
Table 1: Secondary structure composition of the TMR peptide in 40% TFE 
Estimated structural content of the TMR peptide, Result 1: Closest matching solution with all 
proteins; Result 2: Average of all matching solutions. The TMR peptide is estimated to 
contain ~53% helicity at 40% TFE. Generated using Dichroweb (Whitmore and Wallace, 
2004) with the CONTIN algorithm (VanStokkum et al., 1990) and reference data set 4. 
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Figure 16: Effect of concentration on the secondary structure of the TMR peptide  
Circular dichroism spectra of the TMR peptide in 40% (v/v) TFE/buffer (5 mM sodium 
phosphate buffer, pH 7) mixtures at varying TMR peptide concentrations (5 µM - 35 µM) at 
20°C.  Data were plotted with Sigmaplot v. 11.0 and the spectra smoothed using the negative 
exponential method. 
 
Sodium dodecyl sulphate (SDS) is an anionic detergent often used as a membrane mimetic to 
study the membrane structure of transmembrane helices (Tulumello and Deber, 2009). SDS is 
able to form micelles at concentrations of 8 mM or more (Mukerjee and Mysels, 1971) in 
which transmembrane peptides adopt a secondary structure similar to that in the lipid bilayer 
(le Maire et al., 2000; Lauterwein et al., 1979). SDS was used as a membrane mimetic to 
characterise the structure of the TMR peptide. The mean residue ellipticity (MRE) at 222 nm, 
used as a measure of helical structure, was plotted against SDS concentration (Figure 17B). 
An increase in the negative ellipticity value indicates an increase in secondary structure. The 
helical content of the TMR peptide in SDS increases as the concentration of SDS is increased 
but no further increase is observed at SDS concentrations above 12 mM SDS (Figure 17A 
and B). Analysis of the structure content of the TMR peptide at 12 mM SDS using 
Dichroweb (Figure 18) indicates that the TMR peptide is only ~24 % helical with ~ 29 % of 
the peptide unordered and 27% and 20% in strand and turn conformation, respectively (Table 
2).  
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Figure 17: Far-UV CD of the TMR in SDS  
(A) The TMR peptide in varying concentrations (0-16 mM) of SDS (5mM sodium phosphate 
buffer, pH 7) at 20°C and (B) The MRE at 222 nm of the TMR peptide as a function of SDS 
concentration.  Data were plotted with Sigmaplot v. 11.0 and the spectra smoothed using the 
negative exponential method. 
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Figure 18: Dichroweb analysis of theTMR peptide in 16 mM SDS 
Dichroweb output for the deconvolution of the CD spectrum of the TMR peptide in 16mM 
SDS/5 mM sodium phosphate buffer, pH 7. The fit has an NRMSD of 0.101. 
 
 
 
Result Helix1 Helix2 Strand1 Strand2 Turns Unordered Total 
1 0.145 0.096 0.173 0.100 0.198 0.288 1 
2 0.119 0.103 0.116 0.097 0.236 0.329 1 
 
Table 2: Secondary structure compositionof theTMR peptide in 16 mM SDS 
Estimated structural content of the TMR peptide, Result 1: Closest matching solution with all 
proteins; Result 2: Average of all matching solutions. The TMR peptide is estimated to 
contain ~24% helicity at 16 mM SDS. Generated using Dichroweb (Whitmore and Wallace, 
2004) with the CONTIN algorithm (VanStokkum et al., 1990) and reference data set 4. 
 
4.3.1. pH- dependence 
For CLIC1 to be able to insert into the membrane, it has to move from the cytoplasm to the 
membrane surface. Therefore, the pH that CLIC1 encounters changes from ~7.4 to ~5.5 
(Menestrina et al., 1989; van der Goot et al., 1991). This change in pH environment is 
thought to be one of the contributing factors for the structural transition of CLIC1 into a 
membrane form (Fanucchi et al., 2008; Stoychev et al., 2009). The effect of pH on the 
secondary structure of the TMR peptide was studied in 40% TFE. The helical structure of the 
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TMR in TFE is not affected by a change in pH. The only change is a small reduction in 
helical content observed at pH 5.0 (Figure 19). 
 
The transmembrane region of CLIC1 contains a tryptophan residue at position 35. To 
determine if pH would affect the tertiary structure of the TMR peptide, the fluorescence of 
the peptide was studied in 40% TFE at pH 5.5 and 7.0. Acrylamide quenching experiments 
were performed and compared to that of N-acetyl tryptophanamide (NATA). At pH 5.5, the 
KSV values obtained were 13.3 M-1(±0.2) for NATA and 12.1 M-1(±0.1) for the TMR peptide 
(Figure 20A) and at pH 7.0, the KSV values obtained were 12.9 M -1 (±0.1) for NATA and 9.8 
M-1(±0.1) for the TMR peptide (Figure 20B). There appears to be no significant difference in 
the environment of Trp35 in the TMR peptide between pH 5.5 and pH 7.0. 
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Figure 19: Effect of pH on the secondary structure of the TMR peptide in 40% TFE 
Circular dichroism spectra of the TMR peptide in 40% (v/v) TFE/buffer (5 mM sodium 
phosphate buffer, pH 5.5) mixtures at different pH (5.0-8.5) at 20°C.  Data were plotted with 
Sigmaplot v. 11.0 and the spectra smoothed using the negative exponential method. 
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Figure 20: Acrylamide quenching of the TMR peptide 
(A) pH 5.5, the KSV values obtained were 13.3 M-1(±0.2) for NATA (black) and 12.1 M-
1(±0.1) for TMR peptide (red) and (B) pH 7.0, 12.9 M -1 (±0.1) for NATA (black) and 9.8 M-
1(±0.1) for the TMR peptide (green) in 40% TFE/buffer (5mM sodium phosphate) at 20°C. 
Data were plotted with Sigmaplot v. 11.0 and fitted with linear regression. 
 
4.3.2. Stability  
The stability of the TMR peptide in a membrane environment was studied using chemical and 
thermal denaturation. Thermal unfolding of the peptide in 40% TFE showed that the helical 
content of the TMR peptide was gradually decreased as the temperature was increased 
(Figure 21A). The unfolding of the TMR peptide occurs over a large temperature range with 
B 
A 
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~20% of the structural content observed at 20°C remaining at 100°C. This denaturation is 
reversible and the TMR peptide recovers its initial structure upon cooling (Figure 21A insert). 
Chemical denaturation of the TMR peptide with urea also showed a gradual, almost linear 
unfolding curve. The helical structure of the TMR peptide starts to unfold as soon as urea is 
added and continues to unfold, until ~ 50% of the initial helical structure remains at 6 M urea 
(Figure 21B). Experiments of up to 8 M urea could not be performed because the requirement 
for 40% TFE in the reaction mixture limited the amount of 10 M urea stock that could be 
added to the reaction mixture. 
The unfolding data could not be fit to an unfolding model as computational methods require 
defined baselines of the native and denatured states from which the unfolding can be 
compared to determine the thermodynamic parameters of the unfolding process (Breslauer, 
1995). 
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Figure 21: Unfolding of the TMR peptide in 40% TFE 
(A) MRE at 222 nm of the TMR peptide as a function of temperature. (Insert) The TMR 
peptide at 20°C (green) was heated to 100°C (red) and then cooled to 20°C (blue).  (B) MRE 
at 222 nm and fluorescence intensity at 355 nm of the TMR peptide as a function of urea 
concentration in 40% (v/v) TFE/buffer (5 mM sodium phosphate, pH 7) The unfolding of the 
TMR peptide is gradual and non-cooperative and does not reach a completely unfolded state. 
Data were plotted with Sigmaplot v. 11.0 and the spectra smoothed using the negative 
exponential method. 
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5. DISCUSSION 
 
The crystal structure of the intergral membrane form of CLIC1 has proven difficult to acquire 
and thus the structure of the CLIC1 TMR in the membrane remains for the most part 
unexplained. Crystal structures play a significant role in understanding the folding of proteins 
but the scarcity of high resolution membrane protein crystal structures has led to the 
emergence of peptides as tools to study membrane protein folding and structure. Since the 
individual transmembrane segments are considered to be independently folded units in that 
they maintain their native fold when excised from the parent protein, peptides derived from 
the sequences of these membrane-embedded portions can be used to gain insight into how 
membrane proteins assemble to form their functional biological units in membranes 
(reviewed in Bordag and Keller, 2010; White et al., 2001). To gather more information on the 
structure of the membrane-bound TMR of CLIC1, a peptide representing this region was 
studied in membrane mimetic systems. The effect of pH on the structure formed in these 
membrane-like environments as well as the stability of this structure was investigated. 
 
5.1. Folding model of CLIC1 
Understanding the structure and folding of membrane proteins is fundamental to 
understanding their function. The current model which has been proposed to explain how 
CLIC1 folds into the membrane form emphasises a structural reorganisation in the N-domain 
of soluble CLIC1. This domain contains the TMR consisting of a α1β2 supersecondary motif 
in the soluble form. Upon oxidation, the N-domain undergoes a structural reorganisation into 
an all-helical form, with α1 extending by two helical turns towards the C-domain (Goodchild 
et al., 2009).  In the presence of a membrane, this reorganisation exposes a hydrophobic 
surface that acts as a membrane docking surface in the initial step of membrane insertion 
(Goodchild et al., 2009; Littler et al., 2004).  This is followed by the insertion of the N-
terminal region containing the TMR across the lipid bilayer to form the transmembrane helix 
while the C-terminus remains in the cytosol. CLIC proteins contain a single transmembrane 
domain which cannot from a functional ion channel pore alone, thus a number of membrane-
bound CLIC1 subunits are then thought to interact through interhelical association to form an 
oligomeric, functional channel (Singh, 2010). The current model for the association of CLIC1 
TMR helices predicts the involvement of four protomers, each made up of 4 TMR helices (16 
TMR helices) interacting to form a functional unit (as reviewed by Singh, 2010) although the 
nature of this association is as yet unknown. In the functional CLIC1, the positively charged 
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side chains of Arg29 and Lys37 would extend into the pore, forming two charged rings at the 
top and centre of the pore. Val33 would locate to the centre to form a hydrophobic gate, with 
the hydrophobic threonine residues (40 and 44) located towards the cytosolic face of the pore 
and playing a role in ion selectivity. This structure induction and stabilisation results from the 
low dielectric constant and the highly reduced number of solvent hydrogen bond donors and 
acceptors found in the hydrophobic core of the membrane when compared to the aqueous 
environment (Rath et al., 2009). 
This is in line with a widely accepted two-state model proposed by Popot and Engelman. In 
this model, self-inserting water-soluble TM sequences form an unstructured peptide that 
moves into the membrane interface to form an alpha-helix which then enters the membrane as 
the TM helix, forming independently stable alpha-helical transmembrane domains which 
later interact with one another to establish the proteins tertiary or quartenary structure (Jacobs 
and White, 1989; Popot et al., 1987; Popot and Engelman, 1990; White and Wimley, 1999).  
 
5.2. Structure of the TMR peptide 
As mentioned in Section 5.1., the first step in helical membrane folding is the formation of a 
helical secondary structure as the hydrophobic sequence enters the membrane. The secondary 
structure of the TMR peptide was studied in two membrane-mimetic systems: isotropic 
solvent (TFE) and detergent micelles (SDS). 
Conformations of the TMR peptide in both SDS and TFE were studied by CD spectroscopy. 
The peptide shows very little secondary structure in the absence of the membrane-mimetic 
systems. This structure is dramatically altered when more SDS or TFE is added, acquiring 
substantial helical structure. This resembles a two-state transition where one conformation is 
progressively depopulated in favour of another (Demchenko, 2001). There is a transition 
from an initially unstructured state to a helical conformation, consistent with the localisation 
of a peptide into a membrane in a TM conformation (Li et al., 2001; MacKenzie et al., 1997). 
This helical structure is maximal at 16 mM SDS (Figure 17). Hydrophobic domains are able 
to penetrate deeply into the hydrophobic core of SDS micelles and adopt an alpha-helical 
structure. SDS stabilises this structure mainly through hydrophobic interactions with the 
peptide (Han et al., 1998) and relies on the hydrophobicity of the peptide rather than its 
helical propensity to form the helical structure (Li and Deber, 1993).  
The secondary structure formed in TFE is maximal at 40% TFE with no significant increases 
observed at higher TFE concentrations (Figure 14). The addition of TFE enhances the 
inherent propensity of the TMR to form a helical structure. The dielectric constant of TFE 
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(~27) is similar to that of the lipid headgroup region of membrane lipids (Buck 1998, Hong et 
al., 1999) and the hydrophobic trifluoroacetyl (CF3) group provides a hydrophobic 
environment similar to that in membranes, favouring the formation of intramolecular 
hydrogen bonds resulting in secondary structure (Gast et al., 1999). TFE induces structure by 
clustering preferentially around and thus limiting water access to the peptide backbone 
(Roccatano et al., 2002). The reduced permittivity and decreased concentration of water as 
hydrogen bond donor and acceptor in the vicinity of the backbone when the peptide is in this 
membrane-mimetic system favour the formation of short-range intramolecular hydrogen 
bonds and subsequently secondary structure. NMR solution structures of TM domains in TFE 
are often not 100% helical; this is because of the poor solubility of the TM helix terminal 
flanks containing charged residues in lipomimetic solvents (as reviewed by Bordag and 
Keller, 2010). The CLIC1 TMR peptide contains 20% hydrophilic residues flanking a 10 
residue hydrophobic sequence and this might account for the partial helical structure 
observed in TFE (~50%) (Table 1). These moderately folded structures are thought to be 
intermediates referred to as O-states (organic solvent-induced state). They are stable 
structures along the folding pathway similar to “molten globule” structures, which represent 
partially folded protein structures with considerable secondary structure but few if any 
tertiary structural contacts (Kuwajima, 1989; Ptitsyn, 1986). Organic isotropic membrane-
mimetic solvents such as TFE lack the chemical and structural heterogeneity as well as the 
anisotropy of lipid bilayers, their increased hydrophobicity when compared with water is 
often the only property qualifying them as membrane-mimetic solvents and this leads to the 
observed O-states (reviewed by Bordag and Keller, 2010; Sundd et al., 2004). Peptide 
environment greatly enhances peptide helicity and the movement of the TMR peptide from a 
largely unstructured conformation in aqueous buffer to a helical conformation in the 
membrane-mimetic systems suggests that the TMR peptide adopts an alpha-helical secondary 
structure in the membrane.  
 
The association of peptides, whether by oligomerisation or aggregation, in membrane-
mimetic systems has been studied using CD by evaluating the dependence of the peptide 
secondary structure on peptide concentration. TMR peptide association as a result of 
oligomerisation would not be observed because TFE disrupts tertiary and quartenary contacts 
and consequently the formation of higher order structures (Conio et al., 1970; Fink and 
Painter, 1987; Herskovits et al., 1970). In the same way that TFE excludes water as a 
hydrogen bond donor, TFE prevents interhelical interactions by clustering around the helix to 
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form solvent shells that impair such interactions (Roccatano et al., 2000). The concentration-
dependence study of the TMR peptide indicates that the secondary structure observed for the 
TMR peptide in 40% TFE is a result of monomeric TMR peptide at all peptide concentrations 
and not a consequence of aggregation. 
 
5.3. Effect of pH on TMR structure 
CLIC1 experiences a change of ~2 pH units as it moves from the cytoplasm to the membrane 
surface. This change in pH has been shown to enhance channel activity and is thought to 
prime the N-domain for membrane insertion (Fanucchi et al., 2008; Stoychev et al., 2009; 
Tulk et al., 2002; Warton et al., 2002). In order for CLIC1 to enter the membrane, the first 46 
amino acids containing the TMR would need to detach from the rest of the protein and refold 
into a structure that can insert into the membrane. The conformational stability of the N-
domain is reduced at low pH resulting in increased flexibility that would enable the structural 
rearrangement necessary for its insertion into the membrane (Fanucchi et al., 2008; Stoychev 
et al., 2009). In this study, the effect of pH on the structure of the TMR peptide was 
examined to determine whether any changes in the TMR helix structure occurred as a result 
of pH changes. 
 
There was hardly any change in the observed secondary structure of the TMR in 40% TFE at 
different pH values. The alpha-helical structure remained comparatively similar given the 
negligible changes to the minima at 208 and 222 nm as the pH was changed from 5.0 to 8.0 
despite the more marked incease in elllipticity between 210 nm and 220 nm throughout this 
pH range (Figure 19).  The TMR peptide displays diminished ellipticity at pH 8.5. 
 
 To study the effect of pH on the tertiary structure of the TMR peptide, Trp35 was used as a 
chromophore, since its position in the centre of the TM helix would give information on any 
changes in the tertiary structure of the TMR peptide. If the environment of Trp35 is altered as 
a result of a change in pH, it is possible that the exposure of Trp35 to the surrounding solvent 
would be affected and this would be evident in the fluorescence of Trp35. Quenching of this 
fluorescence can be used to determine the accessibility of the tryptophan to the solvent. 
Acrylamide quenching of Trp35 in the TMR peptide helix was performed to investigate the 
effect of pH on the tertiary structure of the TMR peptide. The acrylamide quenching results 
indicate that the tertiary environment of Trp35 in the TMR helix does not experience 
significant change as the pH is changed (Figure 20). As mentioned, the overall charge of the 
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TMR peptide does not change in the range of pH 5 to 9, and thus the lack of change in the 
structure is understandable as none of the amino acid side chains in the TMR peptide become 
ionised in this range, resulting in the lack of change in the secondary structure of the TMR 
peptide. However, β1 in the intact CLIC1 contains amino acids with ionisable groups (Glu9 
and Asp17) that would undergo protonation changes as CLIC1 moves to the membrane 
surface pH of ~5.5. These groups as well as others like them elsewhere in the protein would 
be protonated at the lower pH resulting in a change in the electrostatic interactions in the 
protein and would drive changes in the stability and structural characteristics of this region 
allowing the low permittivity and negative potential at the membrane surface to trigger the 
subsequent unfolding and refolding required to transform the structure into a membrane-
insertable form (Fannuchi et al., 2008). 
 
5.4. Stability of the TMR peptide alpha-helical structure 
TM helices in the membrane are considered to be independently stable units even when 
excised from their parent protein (Rath et al., 2009). TM helix stability is defined as the free 
energy of transfer from the aqueous phase to the membrane bilayer and is determined by the 
sum of the transfer free energies of side chains and the helix-backbone (White and Wimley, 
1999; Wimley and White, 2000; White et al., 2001). TM helices in the membrane are 
dominated by short-range interactions among a few nearest neighbour residues making up the 
structure and not by long range interactions throughout the protein. Hydrogen bonding of the 
side chains to form the helix is an important factor in the stability of the TM helix (Creamer, 
2000).  
 
The stability of the TMR peptide was investigated using chemical (urea) and thermal 
denaturation. Both methods indicated a TM helix that is quite stable, unfolding gradually 
over a broad range of temperature and denaturant concentration (Figure 21A and B). The 
unfolding reaction was not co-operative. TM helix backbones undergo local and transient 
unfolding reactions through the sequential disruption of amide hydrogen bonds instead of a 
simultaneous collapse of the structure (Langosch and Arkin, 2009). TFE has been shown to 
increase the stability of TM peptides to denaturation resulting in helices that unfold at 
unusually high denaturant concentrations and temperatures (Roccatano et al., 2008). When 
unfolded in aqueous solution, the structure of a TM peptide is less compact with higher 
conformational entropy, characterised by a high degree of hydration which stabilises the 
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unfolded form. The addition of TFE lowers the activity of water by immobilising it in the 
clathrate structures, making the energy of interaction for the TM peptide with water 
molecules costly. This results in the TM peptide adopting an entropically lower alpha-helical 
state that is stable in the absence of water. The added TFE stabilises the alpha-helical 
conformation favoured by the reduced water activity over the more hydrated unfolded state, 
leading to an alpha-helix that is more difficult to unfold, and thus can be considered more 
stable. This is a result of strengthened intramolecular hydrogen bonds, hydrophobic 
interactions and an enhancement of the helical propensities of the individual amino acids 
(Luo and Baldwin, 1997; Rohl et al., 1996; Wei et al., 2006). The surface tension of water is 
decreased upon addition of TFE (Paluch and Dynarowicz, 1984) a mechanism opposite to 
that of urea and other forms of denaturant which exert their effect by increasing the surface 
tension of water (Breslow and Guo, 1990).  The TMR helix is stabilised by TFE, suggesting 
that this structure should also stable in the membrane.  
 
The unfolding curves could not be fitted to a model, which requires reliable native and 
denatured baselines in order to calculate thermodynamic parameters such as the energy of 
unfolding (∆Gu) (Santoro and Bolen, 1988). 
 
The aim of this study was to characterise two peptides containing the TMR of CLIC1. β1-
TMR which was expressed through recombinant protein overexpression could not be purified 
from its fusion partner and thus could not be studied further. The commercially obtained 
TMR peptide was characterised in 2 memebrane-mimetic systems and exhibited an alpha-
helical structure that was stable to both chemical and thermal denaturation. 
 
 
 
 
 
 
 
 
 
 
52 
 
6. CONCLUSIONS 
This study investigated employed a peptide-based approach to investigate the structure of the 
transmembrane region (TMR) of  CLIC1 in membrane-mimetic solvents. The  structure of 
TMR peptide becomes alpha-helical in membrane-mimetic systems and this observation is in 
agreement with the proposed model for CLIC1 membrane structure which predicts a 
transition to an alpha-helical TMR in the membrane (Goodchild et al., 2009). The pH-
dependence of this transition however, is due to a combination of local and global structural 
changes that result from the protonation changes in amino acids not contained within the 
TMR (Fannuchi et al., 2008) and therefore no differences in the alpha-helical nature of the 
TMR peptide were observed at different pH. The alpha-helical conformation of the TMR 
would contribute to the ion conductance pore in the proposed CLIC1 homomultimeric 
channel (Singh, 2010). The exact nature of these channels however, could not be and was not 
investigated using the membrane-mimetic systems TFE and SDS micelles. These systems 
offer a good starting point for the study of peptide structure because of their ease of use and 
the broad range of permittivity values they cover. However, they are not suitable for 
investigating higher order structures of TM peptides and further investigations should be 
performed in more complex membrane model systems such as lipid bilayers (lipid veicles or 
bicelles) and biological membranes, using higher resolution techniques such as NMR to 
establish the structure of the functional CLIC1 channel pore in the membrane.  
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